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 Tightly focusing femtosecond laser pulses into bulk media, such as brain 
tissue, can generate high intensities within the focal volume. With sufficient 
laser energies, nonlinear absorption of femtosecond laser pulses by the media 
can take place. This thesis takes advantages of these nonlinear processes to 
image the cortical vasculature in live anesthetized rodent, and induce 
localized tissue disruption. We used two-photon excited fluorescence (2PEF) 
microscopy to image fluorescently labeled cortical vasculature in vivo. In this 
technique, two-photons are simultaneously absorbed to generate fluorescence 
that is localized within the focal volume, where intensity is greatest. Scanning 
the focus enables three-dimensional imaging since out-of-focus fluorescence is 
not generated. Higher-order nonlinear absorption processes that lead to 
plasma and cavitation bubble formation are used to induce localized tissue 
disruption. Together these nonlinear tools enable fine-detailed studies of the 
cortical vasculature and precise ablation of tissue. 
 To understand the potential role of small venule strokes in the 
development of cognitive disorders, we investigated the blood flow and 
vascular effects in individual vessels after inducing single venule occlusions 
using femtosecond laser ablation. To better understand the blood flow and 
metabolic responses during an epileptic seizure, we use a several optical 
 techniques to investigate the neurovascular and neurometabolic activity 
during pre-ictal and ictal phases of focal seizures. Using 2PEF microscopy we 
reveal the presence of vasoconstriction in arterioles surrounding the focus 
prior to seizure onset. The deposition of energy within the focal volume can 
also used to make incisions in bulk brain to disrupt tissue. Using our laser 
scalpel, we produced sub-surface cortical incisions and characterized the cut 
width and depth as a function of different laser energies. We then employed 
this cutting technique to determine the efficacy of sub-surface cuts in stopping 
seizure propagation. We then showcased a technique to produce welds at the 
unexposed interface between two pieces of glass and characterized their size 
as a function of multiple experimental parameters. Joint strength of the fused 
glass was tested in addition to investigating the changes in optical properties 
induced by the weld. Lastly, future experiments and advantages of nonlinear 
optical techniques are discussed.  
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Chapter 1 
Introduction 
 The emergence of the femtosecond laser (pulsed light as opposed to 
continuous wave) in the neurological field has completely changed how we 
see things. The femtosecond laser pulse offers a number of advantages that 
make it an ideal tool for studying the brain. Laser sources output light in the 
near-infrared spectrum, which means brain tissue is nearly transparent since 
absorption at these wavelengths is negligible. However, because the pulse 
duration is so short (~10-13 s), high peak intensities can be achieved within the 
focal volume by tightly focusing the light, which can drive nonlinear 
absorption of the laser energy. Furthermore, due to small focal volumes (~0.1 
µm2) and extremely short dwell times, photodamage is nonexistent, assuming 
appropriate light intensities. Taken together, tightly focusing femtosecond laser 
pulses enables localized deposition of laser energy into bulk material that can 
be confined to the focal volume. This thesis takes advantage nonlinear 
absorption of photons to excite fluorescent dyes and proteins and to disrupt 
tissue in the rodent brain.  
 One of the most common nonlinear imaging techniques used to study the 
brain is two-photon excited fluorescence (2PEF) microscopy. In this technique, 
the excitation of a fluorophores occurs through the simultaneous absorption of 
two photons. Since this nonlinear interaction occurs only at the focus where 
intensities are the highest, no out-of-focus fluorescence is generated, making 
the collection of emitted photons relatively simple and efficient. Scanning the 
focus can generate high-resolution, three-dimensional images of the biological 
sample. In the following chapters, 2PEF microscopy is used to map the cortical 
vasculature in rodent brain, and is also used to measure blood flow speed and 
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vessel diameters.  
 While femtosecond laser pulses allow for high-resolution imaging, they 
can also be used to disrupt brain tissue or melt glass. Through femtosecond 
laser induced damage, many photons (≥5) are absorbed by single molecules at 
the focus, leading to ionization of the material and generation of plasma 
within focal volume. This can lead to the formation of a propagating shock 
wave that can disrupt brain tissue or produce molten glass through heat 
accumulation of femtosecond pulses.  In this thesis, this method used to 
develop a model of venules stokes, produce subsurface cuts that halt seizure 
propagation, or fuse two pieces of glass together. 
 The major theme throughout my research has been the used of nonlinear 
optical techniques to image and manipulate biological systems. Almost all the 
studies included in this dissertation involve 2PEF microscopy and tissue 
manipulation of the brain. While the application of this technology may seem 
a bit segmented (stroke and epilepsy, and glass welding), my hope is that the 
reader truly appreciates the powerfulness and advantages of nonlinear optical 
techniques, and how they enable extremely novel studies. Below is a brief 
description of the chapters that make up my thesis. 
 
Chapter 2 – A prelude to small stroke and epilepsy: The two clinical realms 
in which this thesis ventures into are stroke and epilepsy. The purpose of this 
chapter is to provide a brief introduction to each disorder.  
 
Chapter 3 – Optical-based techniques: This chapter provides an introduction 
to the methods and techniques used in my work and most applicable to 
chapters four through seven, although mechanisms related to chapter eight 
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are discussed. I have broken down this chapter into three main sections: 
fluorescence imaging, nonlinear photo-damage, and surgical and optical 
setup. 
 
Fluorescence imaging. Being able to visualize biological structures that are 
invisible to the naked eye providing a tool that allows us to study and 
answer scientific inquiries. This section compares and contrasts 
fluorescence imaging techniques, and highlights the advantages of 
nonlinear imaging modalities.  
 
Nonlinear photo-damage. Nonlinear absorption of high-energy, 
femtosecond lasers pulses into bulk media can result in some very 
interesting interactions. In this section, two modes of nonlinear photo-
damage are discussed. The difference between the two techniques is 
largely dependent on the repetition rate of the femtosecond pulse train. In 
one, at low repetition rates, damage is largely due to the formation of a 
cavitation bubble and a subsequent shock wave that literally rips material 
apart. In the second regime, using high-repetition rates, damage is 
produced by heat accumulation from the absorption of consecutive pulses. 
 
Surgical and optical setup. The majority of the work in this thesis involves 
in vivo studies of the brain in rodents. This section describes the general 
surgical procedures that were performed on rodents and the optical 
systems used to image and locally disrupt brain tissue.  
 
Chapter 4 – Impact of single venule occlusions: There is a growing body of 
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clinical evidence supporting the idea that “silent” or small strokes play a key 
role in the development of cognitive disorders in the elderly. Previous work in 
the rodent brain has studied the effects of small stroke in the arterial system 
and capillary network. This chapter is an extension of that work where single 
downstream venules are occluded. The blood flow and vascular effects 
following single venule occlusion are studied and an in-depth investigation 
into the role of vascular topology on blood flow deficits is conducted. Results 
show that single venule occlusions may lead to pathological disorders that can 
potentially contribute to neurodegeneration. 
 
Chapter 5 – Vascular responses associated with focal cortical seizures: Focal 
seizures lead to a large increase in cerebral blood flow to the epileptic focus. 
However, recent studies have shown decreases in cerebral blood flow in 
regions surrounding the focus, but reasons for this phenomenon are largely 
unknown. This chapter investigates the coupling between neuronal activity 
and metabolism. We show for the first time, that vasoconstriction of surface 
arterioles occurs prior to seizure onset, and would therefore imply that the 
decrease in flow in the surrounding regions is due to active shunting of blood. 
 
Chapter 6 – Laser cuts in the rat cortex: Previously, in chapter four, energy 
was deposited below the brain surface through nonlinear absorption of the 
laser light, allowing targeted ablation of individual vessels. In this chapter, we 
use the laser as a light scalpel to produce sub-surface brain cuts. Cut width 
and maximum depth of the incisions made with different laser energies were 
characterized. By quantifying the laser incisions, a model was generated that 
allowed for predicting cut widths for a given laser energy and depth.  
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Chapter 7 – Halting seizure propagation: The work in the previous chapter 
led to the development a laser scalpel that allowed us to produce cuts below 
the brain surface. In this chapter we attempt to stop seizure propagation by 
producing cuts around the epileptic focus. In doing so, neural connections are 
severed disrupting processes that would otherwise assist in the propagation 
seizure activity. Presented here are preliminary data showing that subsurface 
cuts can acutely stop seizure propagation. 
 
Chapter 8 – Glass welding: Focusing a high-repetition, femtosecond pulse 
train into bulk glass can lead to molten areas beyond the focal region. 
Translating the focus between two pieces of glasses can, in effect, produce a 
weld at the unexposed interface. This chapter discusses work that 
characterizes the weld properties produced using various laser and 
experimental parameters and investigates the strength of welds formed 
between two pieces of glass.  
 
Chapter 9 – Grades K-12 curriculum development: I had the privilege of 
working Jacaranda “Jackie” Henkel, a seventh grade teacher at Eagle Hill 
Middle School just outside of Syracuse, over the course of the 2009-2010 
academic year. This chapter presents the curriculum that she, Chris, and I 
developed that introduced students to fluorescence techniques and blood flow 
in the brain. Using a maple leaf as a model of the cerebral vasculature, the 
students investigated transport in a normal and injured (diseased) state to 
model a stroke. The perspective from which this chapter is written is much 
different that the previous chapter. The reader will notice that text is written in 
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a way to guide other teachers to replicate the curriculum activities. 
 
Chapter 10 – Conclusions and the future… : In this chapter, I will provide 
some last remarks about my work and provide my perspective on the future 
of nonlinear optical techniques in the biomedical field and clinical setting. 
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Chapter 2 
A prelude to small stroke and epilepsy 
 This chapter provides a brief introduction to the two diseases that I have 
mainly studied during my graduate work: stroke and epilepsy. While each 
chapter has its own introduction, the goal of this chapter is to provide a broad 
overview for readers who may be unfamiliar with the subject matters.  
 
2.1 Stroke 
 Blood flow to the brain is delivered and removed by an extremely complex 
and intricate system of interconnected vessels. A stroke occurs when a vessel 
becomes obstructed or ruptures, leading to disruption of normal patterns of 
blood flow Unfortunately, this disease is one of the leading causes of death [1] 
in the United States and worldwide [2], and is a major cause of disabilities [3]. 
 
Vascular anatomy. The cerebrovasculature is an extremely vast, complex, and 
highly regulated system. Yet, its basic function is to serve as a conduit for 
blood flow that supplies nutrients and gases, and removes waste metabolites. 
In the human cerebrovascular system, blood from the heart is pumped 
through the carotid arteries (these run up along the neck) that feed the Circle 
of Willis (located at the base of the brain), which is comprised of a number of 
large interconnected arteries that branch out to deliver blood to the brain. In 
this thesis, all brain studies are conducted in the parietal cortex, which is 
largely fed by the middle cerebral artery (MCA). This large artery traverses 
over the brain surface, and branches off to form smaller branches called 
surface arterioles. These surface arterioles continue to branch off and form 
penetrating arterioles, vessels that radially plunge into the brain. As the vessel 
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dives down, capillaries branch off the arterial trunk and begin to form a dense 
and intricate capillary network. Downstream, the capillaries finally connect to 
ascending venules, i.e. a vessel that drains blood upward to the brain surface, 
which feed into surface venules. These vessels then drain blood into the 
superior sagittal sinus and eventually back to the heart.  
 
Types of strokes. A stroke occurs when a vessel becomes blocked or ruptures, 
interrupting normal blood flow patterns. As a result, the regulated balance 
between supply and removal becomes compromised, and can lead to 
disastrous neurological deficits. These strokes can manifest in two distinct 
ways: ischemic and hemorrhagic. Ischemic strokes occur when the vessel 
becomes blocked, either by the stenotic growth of the vessel or by an embolus 
that dislodged upstream from the occlusion location. This type of stroke is the 
most frequent, occurring in approximately 80% of all stroke incidences. 
Vessels that rupture, which lead to blood perfusion into the brain tissue, are 
characterized as hemorrhagic strokes. In addition to disrupting flow, plasma 
and red blood cells perfusing into the parenchymal tissue can lead to further 
tissue damage. According to the World Health Organization, approximately 
about 5.7 million people died from stroke in 2004, and are projected to 
increase to almost eight million by 2030. These data are most likely associated 
with strokes that occur in large vessels, such as a large arteriole branch 
stemming from the MCA or a large draining vein. 
 
Causes of strokes. Events that lead to stroke vary, and mainly depend on the 
stroke type. In ischemic stroke, vessels can become blocked by the build up of 
fatty deposits in the vessel lumen. An atherosclerotic plaque can develop as 
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the deposits accumulate, which can lead to complete stenosis of the vessel. If a 
vessel is injured, platelets can become activated and initiate the formation of a 
thrombus. An embolism can also lead to an ischemic clot. In this scenario, 
vascular debris such as thrombus or plaque fragments, can become dislodge 
and occlude a downstream vessel. Hemorrhagic stroke is mostly associated 
with increased intraluminal pressure. An ischemic clot can potentially lead to 
increased intraluminal pressure that can cause the occluded vessel to rupture, 
and vice versa, an injured vessel that resulted in parenchymal hemorrhaging 
can lead to thrombus formation and produce an ischemic clot. Futhermore, 
head trauma can injure vessels and lead to the formation of both types of 
strokes. The causes of stroke are numerous and range from congenital factors 
to physical trauma, and can manifest in many ways. 
 
Stroke therapies. Despite our increased understanding of mechanisms of 
stroke and resulting pathophysiology, the treatment of this disease has not 
progressed in a similar manner. One of the most common treatments is tissue 
plasminogen activator (tPa), a drug that dissolves clots. This therapy is only 
administered to patients who have suffered from an ischemic stroke, and is 
most effective when given within 5 hours of the onset of symptoms. For 
patients that have suffered a hemorrhagic stroke, intracranial brain pressure 
and symptoms (headache, seizures, nausea) are monitored and if their 
condition worsens, surgical intervention is most likely be needed.  
 
Small stroke versus large strokes. Unlike large strokes that present 
immediate clinical symptoms, small strokes are asymptomatic and have been 
referred to as “silent” stroke. However, there is a growing body of clinical 
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evidence the correlates the development cognitive disorders and the 
accumulation of small strokes [4-6] and have shown that these types of strokes 
are five times more prevalent than symptomatic strokes [7]. Despite this 
increased prevalence, the role of these microvascular insults in the 
development cognitive disorders is largely unknown. 
 
Animal models of small stroke. As a result of these clinical studies, there has 
been an effort to try and understand the effects of small strokes through the 
use of animal models. The majority of these studies have mainly focused on 
the arterial side of the cerebrovasculature [3,8-10] largely neglecting the 
venous system, despite its clinical relevance [11]. There have been several 
studies that have investigated the effects of venous occlusions, but have 
focused mainly on large cortical veins or sinuses [12,13]. In contrast, I study 
occlusions of much smaller vessels. Chapter 4 investigates the effects of single 
venule occlusions and sheds light on their potential role in the development of 
neurodegenerative diseases. 
 
2.2 Epilepsy 
 Epilepsy is a highly prevalent and devastating neurological disorder, 
which affects approximately 50 million people in the world. This condition is 
characterized by the onset of recurrent seizures, in which the neural activity of 
a population of cells burst in a hypersynchronous, high-frequency pattern. 
The following sections will review some of the more common types of 
epilepsies and current therapies to treat the neurological disorder.  
 
Types of epilepsy. Epilepsy can be classified into two main groups: 
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generalized and partial. Generalized epilepsy involves simultaneous activity 
from both hemispheres, while partial, or focal, epilepsy originates from 
discrete locations in the brain. Partial seizures can be further broken down 
into two more subclasses: simple and complex, where “simple” refers to the 
patient maintaining consciousness and “complex” means that consciousness 
was impaired or lost during the seizure. The period during seizure activity is 
termed the “ictal” phase and the time period after the epileptic episode is 
referred to as the “post-ical” phase. 
 
Simple partial seizures. This type of seizure causes motor, psychic, sensory, 
and autonomic symptoms without an overt loss or impairment of 
consciousness. For instance, if the seizure were to arise in the motor cortex 
responsible for hand control, the person may experience involuntary 
movement during the epileptic episode, which will last for a short period 
of time (~1-2 minutes). 
 
Complex partial seizures. Typically, with this type of seizure, the person will 
abruptly switch from normal activity to behavioral arrest or a motionless 
stare (loss of consciousness). Involuntary lip smacking, swallowing, and 
small hand motions are often seen with these types of seizures. 
Afterwards, the person may be confused for a couple of minutes, and even 
up to an hour, during the post-ictal phase.  
 
Generalized absent seizure (Petit-mal). In this type, the person loses 
consciousness for only a few seconds, without the loss of postural control 
or confusion. In addition to the momentary lapse of consciousness, patients 
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also exhibit subtle, bilateral movements, such as rapid eye blinking or 
clonic (repetitive extension/flexion) motion of the hands. 
 
Generalized tonic-clonic (Grand mal). While this is the most common form in 
epileptic patients, most people associate “seizure” with this type of 
epilepsy because of prolonged, abrupt nature of the clinical symptoms. 
These seizures abruptly start with a tonic (muscle-stiffening) phase, where 
respiration becomes impaired and secretions begin to pool. This phase 
usually transitions into a clonic phase within several minutes, and 
eventually transitions into the end of the ictal phase, where the seizure 
ceases and the person begins to relax. Consciousness can be regained 
within a couple minutes, but can take up to several hours, and will often be 
impaired. People will often complain of headaches and muscle aches, and 
will suffer from confusion and fatigue. 
 
Epileptogenesis. Like many other diseases, the development of epilepsy can 
stem from many different sources. Generalized seizures are usually associated 
with cellular and biochemical abnormalities, which are diffuse throughout the 
brain and are most likely responsible for global seizures associated with this 
type of epilepsy. These types of epilepsies can derive from abnormalities in 
neural development, which cause an imbalance in neural homeostasis or 
genetic disorders, such as channelopathies, can lead to hyperexcitability. For 
instance, mutations in Na+ channels can allow for greater flux of the ion into 
the cell, resulting in increased activity, and ultimately more susceptibility to 
seizures [14]. Partial seizures are mostly attributed to local structural 
abnormalities in the brain that result from head trauma and congenital 
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malformations, as it can lead to long-term structural changes and remodeling 
in neural networks. These alterations can lower the threshold for local 
excitation and result in hyperexcitability [15]. Additionally, strokes and brain 
tumors can also lead to long-term structural changes and the development of 
epilepsy [16]. 
 
Treatment of epilepsy. For most patients with generalized epilepsy, 
antiepileptic drugs (AED) are successful in curing their epilepsy or reducing 
seizure frequency. However, approximately 20% of epileptic patients are 
medically intractable [17]. For instance, patients with focal neocortical 
epilepsy respond poorly to AEDs, leaving surgery as one of the few last 
options. While this method is usually successful in treating the condition, the 
procedure is not without risk, especially when the epileptic focus is near 
regions responsible for high-order processing. An alternative option to 
removing tissue is a procedure called multiple subpial transections (MST). In 
this procedure, a small blunt hook is used to make vertical incisions into the 
cortical tissue, potentially disrupting neural connections that would otherwise 
help the propagation of seizure activity [18]. However, this technique is a bit 
unsophisticated as the incisions are produced by hand. In Chapter 7, we use 
an optical-based technique to produce precise and controlled, sub-surface cuts 
in the rodent brain, in an attempt to stop seizure propagation. 
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Chapter 3 
Optical-based techniques and general procedures 
 The feasibility of my research is largely dependent on light-matter 
interactions. The advantages of nonlinear optical techniques allowed me to 
investigate the deep portions of the rodent cortex and induce damage at 
specific locations. This chapter first discusses light-matter interactions in the 
context of fluorescence imaging. More widely used fluorescence imaging 
techniques are discussed and as a comparison, I then present the advantages 
of nonlinear microscopies and how they bypass limitations associated with 
more traditional techniques and enable me to conduct my research. 
Additionally, two methods for femtosecond laser-induced damage in bulk 
media are introduced and compared. And lastly, the surgical procedures and 
general optical techniques used in the majority of my experiments (Chapters 
4-7) are presented. 
 
3.1 Laser-brain tissue interactions 
 The principal interactions between light and tissues are reflection, 
refraction, absorption and scattering, and the respective contribution of each 
depends on the material’s optical properties. In many cases, optical properties 
can be simplified by analyzing major constituents of the tissue. For instance, in 
brain tissue, deoxyhemaglobin (HbR), oxyhemaglobin (HbO), and water are 
its major absorptive components [1]. HbR and HbO have relatively high 
absorption coefficients in the visible sprectrum, but their absorption values 
significantly drop in the infrared (IR) region (Figure 3.1) and thus provide an 
optical window between 700 – 1000 nm. 
 In this optical window, attenuation of focused light into brain tissue is 
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Figure 3.1 Absorption of primary light absorbers in brain tissue. Absorption 
coefficients for deoxyhemaglobin (HbR), oxyhemaglobin (HbO), and water as 
a function of light wavelength. The relatively lower absorption values 
between 700 and 1000 nm provide an “optical window” into the brain. 
Reprinted with permission from [20]  
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dominated by scattering and not absorption. As light travels through the 
tissue, photons encounter a combination of molecules and cellular structures, 
often deflecting from their original path. As a result, the amount of light that 
reaches the focus exponentially decreases with increasing depth and can be 
described using the following equation: 
 
(Eq. 3.1) 
 
where Ii is the incident laser intensity, z is the depth into the tissue, and ls is the 
scattering length [2]. The scattering length describes the average distance a 
photon travels before experiencing another scattering event, which increases 
with longer wavelengths and value of 200 µm is generally used for brain 
tissue at 800-nm light [3]. At longer wavelengths the scattering length 
increases and allows for greater penetration depth into brain tissue (Figure 
3.2) [4], which ultimately permits optical access to deeper structures. 
 
3.2 Fluorescence imaging 
 Fluorescence imaging has become an essential tool in the biological field. 
Its main advantage over bright field imaging techniques is that it allows for 
visualization of structures that are normally invisible to the naked eye, 
enabling, but not limited to, studies that investigate structural morphology or 
localization of specific proteins. The principle reaction for fluorescence 
requires the absorption of a photon, or photons, by a fluorescent molecule. 
This absorption of energy excites the molecules to a higher energy electronic 
state, where it then quickly relaxes to its ground state, and in doing so, loses 
energy in the form of an emitted a photon. With the appropriate filters and 
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Figure 3.2 Light penetration into brain tissue. The penetration depth of 488 
nm, 660 nm, and 1060 nm were measured in brain tissue (1-2 days post-
mortem) from patients with ages between 67 and 84 year old. Note that the 
penetration depth increases with longer wavelength, which can be attributed 
longer scattering lengths. Error bars represent standard devation. Data taken 
from [4]. 
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optical setup, emitted photons can be detected to form a fluorescent image of 
the sample. Standard, or the most commonly used, techniques will be 
discussed in the next sections, highlighting the major advantages of 
fluorescence imaging.  
 
3.2.1 Exogenous labeling of biological structures 
 With standard fluorescence techniques, fluorescent probes with specific 
chemical affinities are often introduced to their sample, which are then 
illuminated to measure the fluorescence signals. One of the most common 
methods for fluorescently tagging structures is through the use of antibodies 
and stains. For instance, the left panel in Figure 3.3A shows a phase image of 
endothelial cells. In this image, cell borders can be easily discerned, but the 
internal structures are difficult to visualize. However, after incubating the cells 
with fluorescently tagged antibodies that have a chemical specificity for VE-
cadherin (cell-cell adhesion proteins, red) and actin (largely responsible for 
cell structure, green), the structures of interest are now visible when the cells 
are illuminated with the appropriate light. Additionally, DAPI (4’,6-
diamidino-2-phenylindole) staining of the cells reveal the locations of their 
nuclei (Figure 3.3B). With the appropriate techniques, fluorescence imaging is 
a powerful tool that enables visualization of structures that are normally 
invisible to the eye. 
 
3.2.2 Linear excitation modalities 
 After samples have been stained or tagged with the appropriate labels, the 
fluorescent probes must be illuminated with the appropriate light in order to 
excite the fluorescent molecules. In a linear process, a fluorescent molecule 
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Figure 3.3 Fluorescence imaging of biological structures. A) Phase image of 
bovine aortic endothelial cells (BAEC). B) Fluorescent images of BAEC cells, 
stained for actin (green), VE-cadherin (red), and the nuclei (blue). Images 
courtesy of Joseph P. Califano. 
 22 
absorbs a single photon and is excited to a higher energy electronic state. The 
molecule then relaxes (on the order of nanoseconds), and loses energy in the 
form of an emitted photon (Figure 3.4A). Using the same example from Figure 
3.3, visualization of the three separate structures were performed using three 
different continuous wave light sources (UV light for DAPI, blue light for 
actin, green light for VE-cadherin). Most standard fluorescence microscopes 
are now equipped with multiple light sources and software that enables easy 
switching between different color illumination lights and emission filters, 
making multi-spectral imaging simple and very user friendly. 
 In this example, and most standard techniques, linear excitation works 
extremely well for thin samples, such as cell monolayers, but is not ideal for 
thicker samples, due to potential out of plane signals. Assume a fluorescently 
labeled sample with a structure of interest below its surface. Imaging through 
the sample will not only excite fluorescence at the focus, but in the tissue 
above due to linear absorption by the fluorophores. To bypass these problems, 
image sections can be acquired by using confocal microscopy. With this 
method, out of plane fluorescence is blocked by a pinhole, collecting light that 
is only generated in the focal plane. This technique works well for samples 
that are nearly transparent, but issues arise when samples are light-scattering, 
such as brain tissue [2]. Previous studies have used confocal microscopy 
studies to study the brain vasculature, but have been limited to depths of 
approximately 250 µm below the brain surface [5]. However, imaging deeper 
into the brain introduces a couple issues. Because the brain tissue is highly 
scattering, the energy at the focus decreases with increasing depth (Eq. 3.1), 
and in order to compensate for that loss, the laser energy needs to increase. 
This can potentially lead to photodamage of the tissue due to linear absorption 
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Figure 3.4 Jablonski diagrams of linear and 2PEF excitation A) Schematic of 
the linear excitation of a fluorescent molecule. In this case, one photon is 
absorbed and the fluorescent molecule is driven to an excited state. The 
molecule then relaxes and loses energy in the form of an emitted photon. B) 
Schematic of two-photon absorption. Unlike the linear process, the absorption 
of two photons must be absorbed to drive the fluorescent molecule to the 
excited state. 
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by the tissue. Additionally, light emission will also scatter back through the 
brain tissue and so while the confocal pinhole is designed to block out-of-
plane light, photons from two different planes can scatter into similar 
acceptance angles to the objective, generating misleading fluorescence 
intensities and images. The development of nonlinear imaging techniques 
have helped bypass many of the limitations associated with linear excitation 
modalities. 
 
3.3 Nonlinear imaging techniques 
 Multiphoton microscopy in academic research has been exponentially 
increasing since the 1990s [6]. This is primarily associated with the advent of 
femtosecond pulse laser systems. For all nonlinear microscopy techniques, 
pulsed laser systems, as opposed to continuous wave lasers, provide sufficient 
photon densities to drive multiphoton absorption by fluorescent molecules. 
Additionally, the excitation light is shifted from the visible spectrum to the 
near-IR region. As mentioned previously, IR light is not strongly absorbed by 
endogenous molecules, has longer scattering lengths, and is therefore able to 
penetrate deeper into tissues [7]. The signal generated is proportional to 
photon density to the nth order process (In). As a result, the absorption of 
photons occurs only at the focus, with no signal being generated above or 
below the focal plane [2,3,8]. This is in direct contrast to confocal microscopy, 
in which absorption of the light occurs throughout the entire excitation cone. 
The next sections will mainly focus on the use of two-photon excited 
fluorescence microscopy in the rodent brain, as well as other nonlinear 
imaging techniques that can be easily implemented with a nonlinear optical 
setup.  
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3.3.1 Two-photon excited fluorescence 
 Perhaps the most widely used multiphoton imaging modality is laser 
scanning two-photon excited fluorescence  (2PEF) microscopy, which was first 
demonstrated by Denk et al. [8] In this technique two photons are 
simultaneously absorbed (~0.1 fs), combining their energy to excite the 
fluorescent molecule to the excited state, and proceed with the normal 
fluorescence-emission sequence (Figure 3.4B) and is demonstrated in Figure 
3.5. Because the fluorescence signal is proportional to the I2, fluorescence is 
generated only at the focus, where the photon density is sufficient enough to 
drive nonlinear absorption of photons. Thus, 2PEF microscopy allows for the 
excitation of fluorescent molecules that is three dimensionally localized 
(Figure 3.5B). Because 2PEF uses light sources that are in the range of the 
“optical window,” the technique is an ideal tool for in vivo studies. 
Furthermore, the developments of transgenic mice with two-photon excitable, 
endogenously labeled structures have really showcased the powerful of 2PEF 
microscopy. 
 
3.3.2 Harmonic generation  
 Other commonly used nonlinear imaging techniques include second and 
third harmonic generation (SHG and THG), which produce detectable signals 
without the introduction of exogenous dyes. However, in these imaging 
modalities photons are not absorbed and molecules are not excited to a high-
energy state. Instead, multiple photons, at frequency ω, interact with a 
medium to produce a photon of 2ω or 3ω, in SHG and THG, respectively 
(Figure 3.6) [9,10]. In SHG, photons must interact with a non- 
centrosymmetrical molecule in order to produce detectable radiation.
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Figure 3.5 Localized excitation of fluorescein using 2PEF. A) Single photon 
excitation of fluorescein using 488 nm light. Note that all fluorescein within 
the excitation area is excited. B) Two-photon excitation of the same fluorescein 
dye using femtosecond laser pulses at 960 nm. Excitation of the dye occurs 
only at the focal plane. Reprinted with permission from [6]. 
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Figure 3.6 SHG and THG Jablonski diagrams. Diagrams for A) Second and 
B) third harmonic generation. In SHG, two photons interact with non-
centrosymmetric structure to produce light at exactly half the wavelength of 
the excitation light. And in THG, three photons interact to produce a photon 
at a third of the excitation wavelength. Note that in both cases the molecule is 
not driven to the excited state. 
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Collagen is a highly non-centrosymmetrical structure, and is able to generate 
strong SHG signals (Figure 3.7A), and consequently has been an effective 
imaging tool in biomedical research [11]. Unlike SHG, THG does not require 
the need for a non-centrosymmetrical structure, but can generate third 
harmonic signals at interfaces (Figure 3.7B) [10]. In both imaging modalities, 
phase matching must be preserved and therefore, signal is generated in the 
forward direction, as opposed to isotropic emission associated with standard 
fluorescence techniques. Therefore, epidetection of harmonic generation is 
from back-scattered photons. Like other nonlinear imaging methods, these 
interactions only occur at the focus, where the intensity is strong enough to 
drive nonlinear interactions. With the appropriate optical filters and light 
sources, SHG and THG can be easily implemented into pre-existing nonlinear 
microscopes. 
 
3.4 Femtosecond laser induced damage in bulk media 
 In the previous sections, the use of femtosecond laser pulses with 
wavelengths in the near-IR regime, provides a novel imaging tool. At these 
wavelengths tissue is nearly transparent, and linear absorption of light is 
negligible. However, with sufficient intensities photons can be nonlinearly 
absorbed to produce fluorescence or harmonic generation, without 
introducing any damage to the tissue. For instance, assume a transparent 
material (no scattering for simplicity) with incident power of 1 mW, a high 
approximation. The repetition rate for most Ti:sapphire lasers is 
approximately 80 MHz, which leads to 0.0125 nJ per pulse. With a NA of 0.95 
and 800-nm light, the cross-sectional area is approximately 0.1 µm2. Thus, the 
peak intensity (Epulse/τAcross-section) is on the order of 1011 W/cm2. For optical 
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Figure 3.7 Imaging collagen and myelin using harmonic generation. A) 
Second harmonic generation images of collagen fibrils at i) two days and ii) 19 
days taken from a rat tail. B) In vivo third harmonic generation of the myelin 
sheath surrounding axons in the spinal cord. THG signal surrounds the small 
subset of axons that expresses fluorescent proteins (green). Panel A is 
reprinted with permission from [11], and panel B was generously provided by 
Matthew J. Farrar. 
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breakdown of water, a main constituent of biological tissues, including brain, 
peaks intensities must reach values on the order of 1013 W/cm2 [12]. This 
calculation shows that the pulse energies from the imaging lasers are not 
reaching breakdown thresholds that would cause optical breakdown of the 
tissue. However, regenerative amplifiers are able to produce similar average 
output powers, but with pulse rates of 1 kHz, and assuming similar incident 
energy, the peak intensities skyrocket to 1015 W/cm2, far exceeding the 
threshold for optical breakdown. Because this process is governed by 
nonlinear absorption, the induced damage is locally confined. The following 
two sections will discuss different mechanisms for femtosecond laser-based 
induced damage in bulk media.  
 
3.4.1. Plasma-mediated ablation 
 Pulse trains of amplified femtosecond laser pulses usually have a 
repetition rate on the order of a kilohertz. However, the average output power 
of these kilohertz pulse trains is similar to other femtosecond oscillators used 
for imaging, but the pulse energy is significantly higher given the that its 
repetition rate is four orders of magnitude smaller. Tightly focusing high-
energy femtosecond laser pulses can generate plasma within the focal volume, 
inducing damage in the media through ionization, and secondary mechanical 
effects [12,13]. The production of plasma is dependent on a cascade of events, 
mainly photoionization, impact and avalanche ionization.  
 In photoionization, an electron is excited from its valence band to the 
conduction band through direct interactions with the laser field. The 
mechanism by which photoionization occurs depends on laser frequency and 
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multiphoton ionization [14]. Figure 3.8 shows schematics of these processes. In 
tunneling, the electron is accelerated across the energy band gap, a process 
usually associated with strong electric fields and low laser frequencies. With 
high laser frequencies, the electron is ionized into the conduction band 
through the absorption of multiple photons, hence multiphoton ionization. 
The transition between the two processes can be described by the Keldysh 
parameter [15] 
 
(Eq. 3.2) 
 
where m and e are the reduced mass and charge of the electron, ω is the laser 
frequency, c is the speed of light, εo is the free space permittivity, n is the 
refractive index of the material, and I is the laser intensity at the focus. For 
Keldysh values less than 1.5, tunneling is responsible for launching the 
electron through the band gap, whereas values greater than 1.5 lead to 
mulitphoton ionization. For intermediate values ~1.5, the mechanism is an 
interplay between tunneling and multiphoton ionization. For studies in this 
thesis, we use the band gap of water, 6.5 eV, a light wavelength of 800 nm, and 
the breakdown treshold of 1013 W/cm2, which yields a Keldysh parameter of 
approximately 1.5. 
 Once the electron is launched into the conduction band, it is able to linearly 
absorb more photons in order to increase its kinetic energy to initiate impact 
ionization. When the photon has reached the critical energy, it can then collide 
with another electron sitting in the valence band, launching itself and the 
bound electron into the conduction band. The critical energy obtained through 
absorption must at least surpass the ionization potential of the bound electron 
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Figure 3.8 Modes of photoionization. Schematics of the photoionization of an 
electron in an atomic energy potential, for difference Keldysh values. For the 
same material, tunneling is usually associated with strong laser fields and low 
laser frequencies, whereas muliphoton ionization is usually driven by high 
frequency laser light. Reprinted with permission from [14]. 
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to ionize both, the impacting and impacted, electrons into the conduction 
bands, in order to conserve energy. The ionized electrons in the conduction 
band are now able to absorb more photons such that impact ionization can 
continue to produce free electrons. This process then leads to avalanche 
ionization, where the doubling growth of the free electrons reaches a critical 
density, 1021 electrons/cm-3, to form plasma. This interplay between 
photoionization, impact ionization, and avalanche ionization is shown in 
Figure 3.9. At increased electron densities, and therefore increased plasma 
formation, other disruptive mechanisms begin to form. If intensities at the 
focus significantly exceed the threshold for optical breakdown, a shock wave 
and the formation of a cavitation bubble can lead to damage beyond the focal 
volume, which some distinguish as photodisruption. Figure 3.10 shows an 
image sequence of the breakdown of water induced by a high-energy 
femtosecond pulse train. Shortly after absorption of the laser pulse, the plasma 
cloud is visible (25 ps) and continues to grow (400 ps) [13]. Deposition of laser 
pulses with such intensities produces extremely large stresses, which leads to 
the formation of shock wave and cavitation bubble. The shock wave can be 
seen to start separating from the plasma cloud (1.6 ns) and continues to 
propagate away as a cavitation bubble (6.4 ns). In brain, this shock wave can 
rip the tissue apart, provided the induced stress from the propagating wave is 
greater than the tensile strength of the tissue.  
 
3.4.2. Thermal accumulation 
 With photodisruption, the secondary mechanical effects that propagate 
from the focal volume cause much of the induced damage. However, with 
high-repeption rates on the order of MHz, the photo-damage is largely 
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Figure 3.9 Avalanche ionization and plasma formation. A seed electron is 
launched into the conduction band through photoionization, where it can 
absorb more photons to reach the critical energy necessary for impact 
ionization. In this process, the seed electron collides with an electron in the 
valence band, launching both into the conduction band where they can absorb 
more photons. The doubling of free electron after each impact leads to 
avalanche ionization. A critical electron density is then reached leading to the 
plasma formation and photodisruption. Reprinted with permission from [12]. 
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Figure 3.10 Femtosecond laser-induced breakdown of water. A sequence of 
images showing breakdown of water induced by a single femtosecond laser 
pulse. Reprinted with permission from [13]. 
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attributed to thermal accumulation of consecutive pulses. At high repetition 
rates, the heat generated from the initial femtosecond laser pulse cannot 
diffuse out of the focal volume (~µs) before the next pulse is deposited (~ns) 
[12]. Therefore, the accumulation of femtosecond laser pulses acts as a point 
source of heat. Figure 3.11 shows femtosecond laser, induced damage in glass 
and note that its area increases with greater number of deposited pulses [16].  
 
3.5 General experimental and optical setup 
 The setup procedures for most of the experiments in chapters three 
through seven are very similar. All experiments were conducted on rats, 
except for one, in which a transgenic mouse was used. Briefly, for all 
experiments, craniotomies were performed to gain optical access to the brain. 
We used fluorescent dyes to label the vasculature and used 2PEF microscopy 
to image the vessels. High-energy femtosecond laser pulses were then used to 
either induce strokes or cut brain tissue, depending on the experiment. 
Specific details for each experiment are presented in their respective chapter. 
The following sections provide more details about the optical systems that 
were used for all applicable studies.  
 
3.5.1 Surgical procedures 
 All rats were anesthetized with urethane (1.5 g/kg rat) and glycopyrolate 
(0.5 mg/kg rat) was administered intramuscularly to help prevent secretions. 
Body temperature was kept at 37º C with a heating blanket controlled by a 
rectal thermometer (50-7053; Harvard Apparatus). Heart rate and arterial 
oxygen saturation were monitored with a pulse oximeter (MouseOx; Starr Life 
Sciences Corp.) clipped to the rat’s hind paw. Hydration was maintained with 
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Figure 3.11 Heat accumulation of femtosecond laser pulses in glass. Image of 
laser-induced damage through the accumulation of 5-nJ, 30 fs laser pulses 
from a 25 MHz pulse train, tightly focused with a 1.4 NA objective. Note that 
the damage area becomes larger with an increasing number of pulses. 
Reprinted with permission from [16]. 
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hourly subcutaneous injections of 5% glucose (wt/vol) in saline (1 ml/kg rat). 
Physiological parameters were manually recorded every 20 minutes to ensure 
the physiological state of the rat was stable.  
 Craniotomies were performed to gain optical access to the brain. A 
subcutaneous injection 0.1 ml of bupivicaine (0.125% wt/vol in deionized 
water) was administered to reduce pain at the incision site. A ~3x6-mm 
craniotomy was made over the parietal cortex and the dura was removed. The 
brain was then covered in 1.5% agarose (A9793; Sigma) in artificial cerebral 
spinal fluid [17], and an 8-mm diameter No. 1.5 glass coverslip (50201; World 
Precision Instruments) was placed over the craniotomy and sealed with dental 
cement (Co-Oral-Ite Dental Mfg Co.). To visualize the vasculature using 2PEF 
microscopy, we intravenously injected ~0.3 ml of 5% (wt/vol) 2-MDa 
fluorescein-conjugated dextran (FD2000S; Sigma) in saline. All animal care 
and experimental procedures were approved the Institutional Animal Care 
and Use Committee of Cornell University. 
 
3.5.2 Two-photon microscopy of the brain 
 In vivo images were obtained with a custom designed 2PEF microscope 
that used a low-energy, 100-fs, 800-nm, 76-MHz repetition rate pulse train 
generated by a Ti:sapphire oscillator (Mira-HP; Coherent) that was pumped 
by a continuous wave diode-pumped solid state laser (Verdi-V18; Coherent). 
Data acquisition and laser scanning was controlled using MPSCOPE software 
[18]. Fluorescence was detected through an interference filter centered at 517 
nm with a 65-nm bandpass. A 0.28 numerical aperture (NA), 4X-
maginfication, air objective (Olympus) was used to obtain images of the entire 
cranial window. A 0.95 NA, 20X-magnification, water-immersion objective 
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(Olympus) was used for high-resolution imaging, measurements of vessel 
diameter and blood flow speed, vessel occlusion, and cutting brain tissue.  
 
3.5.3 Ablation laser 
 Tissues were irradiated with a 50-fs, 800-nm, 1-kHz pulse train produced 
by a Ti:sapphire regenerative amplifier (Legend 1k USP; Coherent) pumped 
by a Q-switched laser (Evolution 15; Coherent) and seeded by a Ti:sapphire 
oscillator (Chinhook Ti:sapphire laser; Kapteyn-Murnane Laboratories Inc., 
pumped by Verdi-V6; Coherent, Inc.). 
 
3.5.4 Custom-built microscope 
 Both the 2PEF imaging and the ablation laser beams were combined along 
the same beam path using a polarizer beam splitter within the custom 2PEF 
microscope and focused to the same plane, allowing for simultaneous imaging 
and ablation (Figure 3.12) [19]. Pulse energy for ablation was varied with 
neutral density filters and the number of pulses focused in the vessel lumen 
was controlled using a mechanical shutter with a 2-ms minimum opening 
time (VMM-D4; Uniblitz). 
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Figure 3.12 Setup for in vivo imaging and ablation. Following the 
craniotomy, the animal was placed on a translational stage that allowed for 
navigation of the cranial window. Two-photon images were obtained by 
raster scanning the window with a high-repetition rate, femtosecond pulse 
train and collecting the two-photon excited fluorescence with a 
photomultiplier tube (PMT). Femtosecond laser pulses from a regenerative 
amplifier used for ablation were combined with the imaging beam using a 
polarizing beamsplitter to allow for simultaneous imaging and ablation. 
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Chapter 4 
The impact of single venule occlusions 
 In this chapter, we present a study that investigates the effects of single 
venule occlusions. We use two-photon microscopy to map the cortical 
vasculature and to measure blood flow and diameter in individual vessels and 
a method for precise and controlled occlusions of venules using femtosecond 
laser ablation is presented. We also perform detailed analyses of the cortical 
vasculature and conclude that the vascular architecture plays a large role in 
the severity of blood flow reductions following a small stroke. 
 
This work is published in the Journal of Cerebral Blood Flow and Metabolism. At 
the time of writing this dissertation, the manuscript was only available as an 
“Advanced online publication,” but can be found with the following citation: 
 
John Nguyen, Nozomi Nishimura, Robert N Fetcho, Costantino Iadecola, 
Chris B. Schaffer: Occlusion of cortical ascending venules causes blood flow 
decreases, reversals in flow direction, and vessel dilation in upstream 
capillaries. JCBFM, 2011. 
 
4.1 Implication of small stroke 
 There is increasing evidence that cerebral venous insufficiency may play a 
role in many brain diseases. Small ischemic lesions in the cortical grey matter  
(Figure 4.1) and in the periventricular and subcortical white matter have been 
linked to the development of cognitive dysfunction [1-3]. These lesions, which 
have previously been attributed to arteriolar clots or hemorrhages [4], have 
recently also been found to correlate with venule pathology and occlusion 
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Figure 4.1 Staining of brains slices from patients with dementia. Human 
brain slices stained with A) hematoxylin and eosin and B) Globus silver 
staining (proteins). Arrows point to areas of de-staining, or dead tissue, which 
are most likely attributed to microvascular occlusions. Reprinted with 
permission from [38] 
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[6,7]. Furthermore, venular occlusions have long been thought to play either a 
primary or secondary role in multiple sclerosis [8,9]. However, due in part to 
limitations of existing animal models of microvascular occlusion, very little is 
known about the impact of venule occlusions on cerebral hemodynamics.  
 Previous studies have focused on the blood flow deficits resulting from 
thrombosis in large cerebral veins. Occlusion of the superior sagittal sinus [10] 
and its bridging veins [11,12] in animal models caused severe blood flow 
reductions in underlying capillaries and resulted in ischemic infarction. 
Additional studies of the occlusion of the superior sagittal sinus have shown 
that blood flow reductions were not as severe when more bridging veins were 
present, suggesting that vascular topology may be critical for the blood flow 
redistribution [13]. Although these studies provide insight into the effects of 
thrombosis of larger surface veins, the techniques used for blocking these 
large vessels do not translate to the production of clots in smaller (<50-μm 
diameter) surface venules (SVs) or ascending venules (AVs). The recent 
finding that femtosecond laser ablation [14] can be used to initiate clotting in 
individual vessels has permitted targeted occlusion of single cortical 
penetrating arterioles (PAs) [15,16] and capillaries [17]. This nonlinear optical 
technique is an ideal tool for producing occlusions in targeted cortical venules 
to investigate whether small venule clots in the cerebral vasculature lead to 
physiologically important blood flow deficits.  
 In this study, we quantified the effects of single venule occlusions on blood 
flow in the rat neocortex. We used femtosecond laser ablation to damage the 
endothelium and induce clotting in targeted venules and employed two-
photon excited fluorescence (2PEF) microscopy to investigate the resulting 
blood flow and vessel diameter changes as a function of both of topological 
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separation and spatial distance from the occluded vessel. We found that 
occlusion of a single AV caused dramatic decreases in blood flow and 
increases in vessel diameter in capillaries that were upstream from the 
targeted venule. Similar results were observed following the occlusion of a SV, 
but flow decreases were almost eliminated when a surface collateral vessel 
that provided a new drain was present. We mapped the cortical microvascular 
topology in 600 µm x 600 µm x 500 µm sized volume and used these data to 
predict the spatial extent and severity of the blood flow reduction following 
an AV occlusion and found these predictions to agree well with in vivo 
measurements. These results highlight the dominant influence of vascular 
topology in determining the blood flow rearrangements that result from a 
vascular occlusion and provide the first comprehensive, quantitative picture 
of the blood flow rearrangements that result from cortical venular occlusions.  
 
4.2 Experimental methods  
 Experiments were performed on 27 male Sprague Dawley rats (Harlan 
Inc.) ranging from 265–375 g in mass. AV occlusions were induced in 16 
animals, SV occlusions were induced in eight animals (with collateral vessel: 
three, no collateral: five) and the rest were used in sham experiments. Only 
one venule was occluded in each animal. Refer to Chapter 3.5 for general 
surgical procedures and optical setup. 
 
Two-photon imaging of the cortical vasculature. Using large-area 2PEF 
images, surface vessels were identified and large venules were followed 
upstream to identify candidate AVs and SVs for occlusion (Figure 4.2A). The 
vasculature surrounding the target venule was mapped with 1-µm spaced 
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image stacks. These high-resolution image stacks were used to map the 
topological relationship and spatial distance between measured vessels and 
the targeted venule (Figure 4.2B). Diameters were measured by averaging at 
least ten movie frames and manually selecting a segment of the vessel. The 
selected region was then thresholded (20% of maximum intensity) and the 
average width across the length of the selected segment was calculated as the 
vessel diameter (Figure 4.2Ci). Centerline red blood cell (RBC) velocities were 
obtained by tracking the motion of RBCs, which do not take up the 
intravenously injected dye and show up as dark patches inside the vessel 
(Figure 4.2Cii). Repetitive linescans along the axis of the vessel, at a rate of 1.7 
kHz for about one minute, were used to form a space-time image where 
moving RBCs produce streaks with a slope that is equal to the inverse of the 
speed (Figure 4.2Ciii; characteristic diameter and RBC flow speed of all 
measured vessels shown in Figure 4.3). The slope was calculated using an 
automated image-processing algorithm [18]. Measured parameters were then 
mapped to vascular networks that included the targeted venule (Figure 4.2D). 
 
Vessel identification. AVs were defined as vertically-oriented, subsurface 
vessels that transported blood from the capillary bed to the brain surface, as 
confirmed through measurement of blood flow direction. Vessels directly 
downstream from AVs and on the brain surface were defined as SVs. Surface 
arterioles, which form a net-like network on the brain surface, as well as PAs, 
which transport blood vertically into the brain, were also identified (Figure 
4.2A). The PAs fed an extensive network of capillaries that eventually 
connected to and drained into AVs. We defined all subsurface vessels between 
a PA and an AV as capillaries. We determined the dependence of blood flow 
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Figure 4.2
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Figure 4.2 2PEF microscopy to map and measure cortical vessels. A) 
Averaged projection of a 2PEF image stack of fluorescently labeled 
vasculature. Surface (penetrating) arterioles and surface (ascending) venules 
are indicated with red and blue lines (circles), respectively. The white box 
indicates the magnified region shown in panel B. Arrows labeled R and L 
indicate rostral and lateral directions. B) Series of 100-µm thick average 
projections of a 2PEF image stack starting from the brain surface to a depth of 
400 µm. In each image projection, selected surface and sub-surface vessels are 
outlined, indicating the vascular network where vessel diameter and blood 
flow velocity were quantified. White arrow indicates the targeted AV. C) 
Averaged 2PEF image of an individual capillary used to measure vessel 
diameter (i) along a selected segment (red box), single 2PEF image frame of 
red blood cells flowing through a capillary, with arrows indicating the path of 
the linescan (ii), and the corresponding space-time image from a linescan from 
which the blood flow speed can be determined (iii). D) Baseline diameter and 
blood flow speed measurements of the vascular network traced in panel B, 
where arrows indicate blood flow direction and the asterisk-marked value 
corresponds to the capillary measured in panel C. Color coding indicates the 
vessel depth. The occlusion of the AV in this network and the resulting 
changes in vessel diameter and blood flow are shown in Figures 4.5 and 4.7, 
respectively. 
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Figure 4.3 Histogram of baseline diameter and speed for all measured 
capillaries and venules. For this study, 298 capillaries were measured with a 
baseline median (A) diameter and (B) speed of 5.4 μm and 0.49 mm/s, 
respectively. Additionally, 102 surface venules were measured, with a baseline 
(C) diameter and (D) speed of 33 μm and 0.61 mm/s, respectively. 
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and vessel diameter changes after venule occlusion on topological separation 
by counting the number of vessel branches between a measured vessel and the 
occluded venule. Measured capillaries that could not be traced back to the 
targeted venule were grouped as “not connected” (NC). 
 
Topology for surface venule occlusions. For SV experiments, we found two 
topologically distinct vascular patterns for the SVs immediately upstream 
from AVs. Both patterns were comprised of two AVs that merged into one SV, 
forming a “Y” shaped architecture (outlined in blue; Figure 4.11A and 4.11B). 
The two patterns were distinguished by the presence or absence of a 
“collateral” SV that connected to another SV (purple line and dashed blue 
lines, respectively; Figure 4.11A). In both topologies, occlusions were induced 
in the merged venule (red circles; Figure 4.11A and 4.11B) and vessel diameter 
and blood flow measurements were made in upstream SVs and capillaries. 
 
Targeted clotting of venules by femtosecond laser ablation. Femtosecond 
laser pulses were tightly focused on the wall of the targeted vessel, causing 
nonlinear absorption of laser energy that drives photodisruptive damage [17]. 
This injury initiated the natural clotting cascade, forming a clot that stopped 
blood flow in the targeted venule (Figure 4.4). Because nonlinear absorption 
occurred only at the focus where laser intensity was the highest, 
photodisruption was confined to the focal volume, leaving the surrounding 
vessels and tissues intact. Pulse energy for ablation was varied with neutral 
density filters and the number of pulses focused in the vessel lumen was 
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Figure 4.4 Schematic of venule clotting process. High-energy femtosecond 
laser pulses are tightly focused on to the vessel lumen (left). If a sufficient 
amount of laser energy is deposited at the focus, nonlinear absorption of the 
laser light can occur, and injure the vessel through photodisruption (middle). 
This injury initiates the natural clotting cascade. After injuring the vessel at 
multiple locations along the lumen, the vessel eventually becomes clotted, 
stopping blood flow (right).  
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controlled using a mechanical shutter with a 2-ms minimum opening time. For 
AV occlusions, the targeted segment was always located above the first 
branching upstream capillary and below the brain surface, at a depth of 
several tens of micrometers. Initially, venules were irradiated with a single 
pulse with energy below the expected damage threshold (~100 nJ at a depth of 
~50 µm). The number of pulses was then increased from a single pulse to 1000 
pulses, by increments of 100, until damage was observed, which was indicated 
by extravasation of fluorescently-labeled plasma outside the vessel. If no 
injury was observed, the energy was increased by ~25% and the process was 
repeated. Once extravasation occurred, the vessel was irradiated at multiple 
locations along the lumen until the motion of red blood cells ceased and an 
accumulation of RBCs in the targeted vessel segment was observed (Figure 
4.5). The procedure for occluding SVs was similar, except that the initial laser 
energies used were lower because the target vessel was located on the brain 
surface. Characteristic diameter and RBC flow speed of target venules shown 
in Figure 4.6. 
 
Characterization of capillary topology and prediction of spatial dependence 
of blood flow change after PA or AV occlusion. 2PEF image stacks from six 
additional rats were used to quantify the locations of AVs and PAs over ~4 
mm2 of brain surface (Figure 4.15A) and determine the nearest-neighbor 
separations (Figure 4.16). In three animals, we traced the connectivity of all 
vessels within a ~0.1-mm3 volume of brain tissue using custom software 
(Figure 4.15B and 4.15C). From this data, we quantified the distance between 
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Figure 4.5 Example of an AV occlusion. Grey planes in schematics on the left 
indicate the imaging plane, with the red X indicating the location of targeted 
ablation in the AV. The images on the right show a time-lapse series of the 
surface segment (top) and the 20-µm deep ascending segment (bottom) of the 
target vessel during clotting. This example shows clotting of an AV by 
ablation of the ascending segment of the vessel, approximately halfway 
between the first branching capillary and the brain surface. At baseline, flow 
of red blood cells was evident in the ascending and surface segments of the 
targeted venule. The vessel wall of the ascending segment was irradiated with 
100-nJ pulses until we observed extravasation of fluorescently labeled blood 
plasma, indicating that the vessel wall was injured (15 min.). Further damage 
was induced along the vessel wall until a clot formed and complete cessation 
of red blood cell motion in the ascending and surface segments was observed 
(45 min.). Nearby surface vessels were not clotted and remained flowing. 
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Figure 4.6 Histogram of baseline diameter and speed of occluded venules. 
Sixteen AVs were targeted with a baseline median (A) diameter of 18.4 µm 
and (B) speed of 0.32 mm/s. Eight SVs were targeted with a baseline median 
(C) diameter of 39.3 µm and (D) speed of 0.59 mm/s. 
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capillary segments and the nearest AV (2153 capillaries) or PA (2203 
capillaries) as a function of the number of branches upstream or downstream 
the capillary was from the AV or PA (Figure 4.17A). We then determined the 
distribution of capillary branch numbers as a function of distance from PAs 
and AVs in 50-µm radial bins. We used in vivo flow change data from this 
study for AV occlusions and from previous work for PA occlusions [16] to 
determine the average blood flow decrease in different capillary branches 
stemming from an occluded AV or PA. Combining both the capillary branch 
number distribution (Figure 4.17A) and this flow change data, we predicted 
the post-clot blood flow speed change as a function of distance from occluded 
AVs and PAs (Figure 4.17B). 
 
Data analysis and statistics. Boxplots were generated with Matlab (The 
Mathworks) using the boxplot function (Figures 4.8A, 4.10A, 4.14A, and 
4.14C). The dependence of median RBC flow speed change (Figure 4.8B), 
reversal rate (Figure 4.9B), and mean vessel dilation (Figure 4.10B) in 
capillaries as a function of distance from occluded AVs were determined 
using a variable width spatial window that was constrained to contain 20 data 
points. Trend lines were further smoothed with a 20-µm moving average and 
a running 95% confidence interval about the trend line was calculated.  
 Differences were considered significant for p-values less than 0.05. For 
nonparametric data, rank-based analysis was conducted using Dwass-Steel-
Critchlow-Fligner (StatsDirect) multiple comparisons test (Figures 4.8A and 
4.14A) whereas normally distributed data were analyzed using the Tukey-
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Kramer (StatsDirect) multiple comparisons test (Figures 4.10A, 4.14C, and 
4.18B). For binomial data, statistical differences were calculated using a 
binomial proportions test with a Bonferroni adjustment (Figures 4.9A and 
4.14B). Medians are reported for nonparametric data, whereas means are 
reported for normal data. 
 
4.3 Results 
 We used 2PEF imaging of fluorescently-labeled blood plasma in 
anesthetized rats to map vascular topology and quantify blood flow speed 
and vessel diameter in surface vessel and capillary networks near AVs and 
SVs that were candidates for occlusion (Figure 4.2A). Irradiation of the 
targeted venules with high-energy, tightly-focused, femtosecond laser pulses 
caused localized vascular injury, leading to extravasation of fluoresecently-
labeled plasma and RBCs and triggering clotting of the vessel (Figure 4.5). 
Nearby surface vessels and capillaries were not clotted and remained flowing. 
We then measured the changes in diameter and RBC centerline velocity that 
resulted from the venule occlusion in individual vessels throughout the 
nearby vascular network (Figure 4.7). 
 
4.3.1 Venule occlusions 
 In this study we target two classes of venules: ascending and surface. The 
majority of the data and analysis stem from the ascending venule occlusions, 
but SV studies provide new insights as well. Clots were induced in the sub-
surface segment of an AV that was just below the brain surface, or in a 
segment of SVs. Figure 4.5 shows a time sequence of two-photon images of the 
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occlusion technique. Two–photon images of surface venule occlusions are 
shown in Figures 4.12 and 4.13. 
 
4.3.2 Ascending venule occlusion 
 In occlusion experiments, the RBC speed and diameters of individual 
vessels were measured before and after the occlusion (Figure 4.7Aii and 
4.7Bii). The location of each measured vessel was mapped relative to the 
targeted venule enabling maps of vessel networks with corresponding 
changes in RBC speed and vessel diameter (Figure 4.7C). In this example, 
capillaries close to the occlusion slowed down, reversed in flow direction, and 
increased in vessel diameter. 
 
4.3.2.1 Blood flow reductions 
 To understand the impact of ascending venule occlusions on blood flow in 
nearby and connected blood vessels, we investigated how changes in blood 
flow speed depend on the topological connection and the spatial distance 
between individual vessels and the occluded venule. RBC speed in capillaries 
that were one to four branches upstream from the clotted venule decreased 
dramatically, with flow speeds of only 6% (16%) of the baseline value for 
vessels one (two) branch(es) upstream from the occlusion (Figure 4.8A). 
Average speed did not change in capillaries that were more than four 
branches upstream or not connected to the occluded venule, although vessels 
five to seven branches upstream showed a 9.5 times increased variance in 
speed after the occlusion when compared to sham experiments (Figure 4.8A; p 
< 1.0E-7, F-test). Surface venules downstream from the occluded venule 
slowed, while parallel surface venules (i.e. vessels that drained into the same 
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Figure 4.7 Vascular and flow changes after an AV occlusion. 2PEF imaging 
at A) baseline and B) after clotting a single AV showing: (i) average projection 
of 100-µm deep image stack of fluorescently labeled vasculature, and (ii) 
image data for measurements of the diameter and RBC speed in an individual 
capillary. Extravasation of fluorescently labeled blood plasma was visible near 
the clotted venule in B(i), but nearby surface vasculature and underlying 
capillaries remained intact. There was a slight dilation in the capillary shown 
in A(ii) and B(ii) after the clot, and the post-clot linescan showed more 
vertically oriented streaks from moving RBCs, indicating dramatically 
decreased blood flow speed. (C) Vessel RBC speeds (top) and diameters 
(bottom) in the vascular network after the occlusion of an AV, expressed as a 
percentage of the baseline values. Vessels topologically close to the targeted 
venule slowed dramatically, two of the ten measured vessels reversed flow 
direction (indicated with double arrows and bold numerical values), and the 
majority of vessels increased in diameter. Red “X” indicates the location of the 
clotted AV. The vessel marked with an asterisk corresponds to the vessel in 
A(ii) and B(ii). The clotting sequence for this AV is shown in Figure 4.5. 
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Figure 4.8
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Figure 4.8 AV occlusions resulted in decreased blood flow. A) Changes in 
RBC speed (expressed as percentage of baseline speed) following an AV 
occlusion for upstream capillaries and downstream surface venules as a 
function of topological connection to the occluded vessel. The schematic inset 
shows the vessel enumeration scheme, with arrows indicating the direction of 
blood flow at baseline and the red “X” indicating the occlusion location. B) 
Changes RBC speed as a function of distance away from the occluded AV for 
capillaries. The black line in B represents a running median. Capillaries 
topologically grouped in “NC” indicate no connection to the target vessel was 
able to be determined and “sham” indicates experiments where no vessel was 
clotted. P and D represent parallel and downstream surface venules, 
respectively. In speed and diameter plots, diamonds (circles) indicate vessels 
where flow did (did not) reverse direction after the occlusion. Black and red 
lines in the boxplots represent the median and mean, respectively. Statistical 
outliers, denoted with a crosshair, were excluded when calculating the mean. 
Color-coding to indicate topological connectivity is the same for Figure 3.7 
and 3.8. Grey shaded region in B indicate the 95% confidence interval about 
the trend line. Three outlier points are not shown (groups: 4, sham, P; 5.9, 6.1, 
5.2, respectively) in panels A and B. *: p < 1.0E-7, #: p < 0.0005, ##: p < 0.005, ‡: 
p < 0.05; compared to sham vessels. 
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venule as the clotted vessel) did not change speed (Figure 4.8A). The median 
RBC speed in measured capillaries located within 100 µm of the occluded 
venule decreased to about 26% of the baseline value, and returned to baseline 
with increasing distance from the occluded vessel (Figure 4.8B). 
 
4.3.2.2 Reversals in blood flow direction 
 In addition to changes in blood flow speed, we observed dramatic changes 
in the routing of blood flow through the capillary bed after AV occlusion. We 
frequently observed a reversal in blood flow direction in capillaries one to 
four branches upstream from the occluded venule, with just over half of the 
first and second upstream branches reversing flow direction (Figure 4.9A). 
Neither capillaries not connected to the occluded venule, nor downstream or 
parallel surface venules reversed flow direction (Figure 4.9A). The number of 
blood flow reversals in capillaries decreased with increasing distance from the 
occluded venule, with no flow reversals observed more than 650 µm away 
from target vessel (Figure 4.9B).  
 
4.3.2.3 Capillary dilations 
 We further examined the impact of AV occlusions on the diameter of 
nearby and connected vessels. We found that capillaries up to three branches 
upstream from the targeted venule dilated after the clot as compared to sham 
experiments, with an average diameter increase of ~25% (Figure 4.10A). 
Capillaries further upstream or not connected to the targeted vessel, as well as 
downstream and parallel surface venules, did not dilate significantly (Figure 
4.10A). The amount of dilation decreased with increasing distance from the 
clot, with no dilation observed at distances greater than 200 µm (Figure 4.10B). 
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Figure 4.9
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Figure 4.9 Blood flow direction reversed after AV occlusions. A) Blood flow 
direction (percentage of vessels with reversed flow) following an AV 
occlusion for upstream capillaries and downstream surface venules as a 
function of topological connection to the occluded vessel. The schematic inset 
shows the vessel enumeration scheme, with arrows indicating the direction of 
blood flow at baseline and the red “X” indicating the occlusion location. B) 
Changes blood flow direction as a function of distance away from the 
occluded AV for capillaries. The black line in B represents a running fraction. 
Capillaries topologically grouped in “NC” indicate no connection to the target 
vessel was able to be determined and “sham” indicates experiments where no 
vessel was clotted. P and D represent parallel and downstream surface 
venules, respectively. Grey shaded region in B indicate the 95% confidence 
interval about the trend line. #: p < 0.0005, ##: p < 0.005, ‡: p < 0.05; compared 
to sham vessels. 
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Figure 4.10
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Figure 4.10 Capillaries increased in diameter after AV occlusion. A) Changes 
in vessel diameter (percentage of baseline diameter) following an AV 
occlusion for upstream capillaries and downstream surface venules as a 
function of topological connection to the occluded vessel. The schematic inset 
shows the vessel enumeration scheme, with arrows indicating the direction of 
blood flow at baseline and the red “X” indicating the occlusion location. B) 
Changes in vessel diameter as a function of distance away from the occluded 
AV for capillaries. The black line in B represents a running mean. Capillaries 
topologically grouped in “NC” indicate no connection to the target vessel was 
able to be determined and “sham” indicates experiments where no vessel was 
clotted. P and D represent parallel and downstream surface venules, 
respectively. In speed and diameter plots, diamonds (circles) indicate vessels 
where flow did (did not) reverse direction after the occlusion. Black and red 
lines in the boxplots represent the median and mean, respectively. Statistical 
outliers, denoted with a crosshair, were excluded when calculating the mean. 
Grey shaded region in B indicate the 95% confidence interval about the trend 
line. *: p < 1.0E-7, ‡: p < 0.05; compared to sham vessels. 
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4.3.3 Surface venule occlusions 
 We also examined the blood flow changes caused by the occlusion of SVs 
in vascular topologies that had (Figure 4.11A) and did not have (Figure 4.11B) 
a collateral SV. Examples of occlusion studies for both types are shown in 
Figures 4.12 and 4.13. On average, blood flow speeds in capillaries one and 
two branches upstream from the AVs were unaffected by a SV occlusion when 
a collateral vessel was present, while flow was reduced to an average of 12% 
of the baseline speed when no collateral vessel was present (Figure 4.14A). 
Blood flow reversals in the first two upstream capillaries occurred only when 
no collateral SV was present (Figure 4.14B). Diameters increased in the first 
upstream capillary branch only when no collateral vessel was present, while 
the second upstream capillary branch dilated following a surface vessel 
occlusion both with and without a collateral (Figure 4.14C).  
 
4.3.4 Significance of vascular topology 
 In order to gain insight into the role of vascular topology in determining 
blood flow rearrangements after an occlusion, we used in vivo imaging to 
map the vascular topology over ~0.1 mm3-volumes in cortex and combined 
this with topology-dependent measurements of RBC speed change after 
vascular occlusion to predict the spatial extent and severity of blood flow 
decrease. We found that the number of AVs outnumbered PAs by a factor of 
1.8 (Figure 4.15A; 6 animals, 360 PAs to 201 AVs), and that the average 
distance between two PAs was significantly greater than the distance between 
two AVs (Figure 4.16). We used tracings of all vessels (Figure 4.15B and 4.15 
C; 4256 capillaries in 3 animals) to determine the three-dimensional spatial 
location of each capillary as a function of topological connectivity to the 
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Figure 4.11 SV topologies with and without a collateral vessel. Averaged 
projections of 2PEF image stacks of brain surface vasculature with (A) a 
collateral vessel (purple) links a terminal venule with another draining surface 
venule (dashed) or (B) with no such collateral vessel. The red circle indicates 
the clot location. Maps of the flow changes in the upstream vessels after 
occlusion are shown in Figures 4.13 and 4.14. 
 71 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 72 
Figure 4.12 Case study of SV occlusion with no collateral vessel. Average 
projection of a 2PEF image stack before (A) and after the clot (D), with the 
targeted venule indicated by the blue circle in A. Baseline (B) RBC velocities 
and (C) diameters are shown in upstream capillaries, with post-clot 
measurements in (E) and (F), respectively. Arrows indicate the direction of 
blood flow. Double arrowheads and bold values indicate vessels that reversed 
in flow direction following the occlusion and the red “X” indicates the location 
of the clot. Note that with no collateral vessel present, some capillaries 
upstream of AVs reverse in flow direction following the occlusion. 
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Figure 4.13 Case study of SV occlusion with collateral vessel. Average 
projection of a 2PEF image stack before (A) and after the clot (D), with the 
targeted venule indicated by the blue circle in A. Baseline (B) RBC velocities 
and (C) diameters are shown in upstream capillaries, with post-clot 
measurements in (E) and (F), respectively. The red “X” indicates the location 
of the clot. The collateral vessel (purple) connects the terminal vessel to 
another surface venule (dashed line). Note that in this example, when a 
collateral vessel is present, the capillaries upstream from AVs (blue circles in 
A) did not reverse in flow direction. 
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Figure 4.14 Collateral SVs helped maintain normal flow. A) RBC speed in 
upstream capillaries, expressed as a percentage of the baseline values, for clots 
placed in surface venules with and without a collateral vessel. Schematic inset 
indicates the vascular topology considered, vessel designations, and location 
of the surface venule occlusion. B) Percentage of capillaries that reverse flow 
direction after surface venule occlusions. C) Plot of the vessel diameter, 
expressed as a percentage of the baseline value, for capillaries upstream from 
clots formed in surface venules. Diamonds (circles) indicate vessels where 
flow did (did not) reverse direction after the occlusion and the color-coding 
scheme is the same for all plots. *: p < 1.0E-7, **: p < 0.00001, #: p < 0.0005, ##: p 
< 0.005, ‡: p < 0.05; compared to sham vessels. 
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Figure 4.15 Mapping vascular topology. A) Average projections of a 2PEF 
image stack of the cortical surface vasculature. Locations of AVs (left) and PAs 
(right) are indicated by blue and red dots, respectively. (B) 2PEF, three-
dimensional volumetric projection, using Voxx [5], of cortical vasculature 
starting at the brain surface. C) All vessels and bifurcation points were traced 
to characterize vascular topology. Surface vessels and a subset of the traced 
capillaries are shown (right) to emphasize the complexity of the cortical 
vasculature. 
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Figure 4.16 Nearest distance between two AVs and two PAs. The average 
distance between two PAs (145.9 μm ± 5.2 μm (mean ± SEM)) is significantly 
greater (p < 0.01, t-test) than the average distance between two AVs (123.6 μm 
± 2.6 μm). Dashed and solid horizontal lines within boxes represent the mean 
and median, respectively. 
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nearest AV or PA. The average distance of capillaries from an AV or PA as a 
function of the number of branches upstream or downstream, respectively, 
was comparable (Figure 4.17A), suggesting a similarity in the capillary 
branching topology away from AVs and PAs. We then used in vivo 
measurements of capillary flow speed decreases after AV and PA occlusions 
as a function of topological separation from Figure 4.8A and from Nishimura 
et al. [16], respectively, to calculate the post-clot flow speed changes in 
capillaries as function of distance from the occluded vessel, weighted 
according to the topological data from Figure 4.17A. This calculation predicted 
both the spatial extent and severity of the blood flow deficit to be smaller 
following the occlusion of a single AV as compared to a PA (Figure 4.17B), in 
agreement with the experimental data from Figure 4.8B and previous work 
[15,16]. 
 
4.4 Discussion 
 We examined vessel-by-vessel hemodynamics following cortical venule 
occlusions using nonlinear optical techniques. Measurements of centerline 
RBC speed and direction, vessel diameter, and topological connectivity of 
individual vessels were obtained using 2PEF microscopy and femtosecond 
laser ablation was used to trigger clotting in targeted AVs and SVs. Vessels 
were measured before and after the occlusion in order to determine 
topologically and spatially dependent changes in RBC speed and direction as 
well as in vessel diameter. Capillaries immediately upstream from the target 
venule experienced a dramatic decrease in RBC speed, reversals in blood flow 
direction, and an increase in diameter, with each parameter recovering to 
baseline values in vessels further upstream from the clotted venule. Similar 
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Figure 4.17 Flow changes depend on AV-AV and PA-PA spacing. A) Boxplot 
of capillary distance to nearest AV (blue) or PA (red) as a function of capillary 
branches away from an AV or a PA. B) A weighted calculation of post-clot 
speeds as a function of distance for occlusion of an AV (blue) and PA (red) 
using in vivo flow data that was topologically weighted based on the data in 
panel C. Each data point represents a weighted mean for a 50-µm binned 
window. 
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behaviors were observed in upstream capillaries following SV occlusions in 
topologies that did not contain a collateral vessel, while blood flow deficits 
were alleviated with the presence of a surface collateral venule. Furthermore, 
we studied the density of AVs and PAs as well as the topology of the 
capillaries that branch from them and used these values to predict differences 
in the spatial extent and severity of the blood flow decreases that result from 
AV and PA occlusions. These observations revealed the blood flow impact, 
both as a function of vascular topology and distance through the cortex, 
associated with cortical venule occlusions.  
 
Nonlinear optical techniques enable the creation of robust models of small 
cortical venule occlusion. The ability to measure cerebral blood flow during 
normal and pathological states is critical for the development of an animal 
model of venule stroke. Most previous work on cortical venule occlusions has 
used laser Doppler flowmetry to characterize the flow changes that result 
from occlusion of cortical veins with ~0.1–1-mm diameter [10-13]. While this 
approach allows for mapping of regional blood flow changes resulting from 
large vessel occlusions, it would tend to average over the effects associated 
with occlusions in vessels with ~10–50-µm diameter, such as those considered 
in this study. Quantitative autoradiography has also been used to map tissue 
perfusion deficits after superior sagittal sinus occlusion [19], but this method 
does not enable the in vivo measurements that could, for example, connect 
vascular topology to blood flow change. In this study, we used 2PEF 
microscopy to characterize, at the vessel-by-vessel level, the changes in blood 
flow and diameter in vessels located deep within the cortical tissue after 
venule occlusion. While it is difficult to characterize a large number of vessels 
 83 
in one experiment with this approach, the limited topological and spatial 
extent of the blood flow rearrangements we observed after AV and SV 
occlusion suggest 2PEF imaging is well suited to the study of these 
microvessel occlusions [20]. Other methods that enable simultaneous 
measurement of blood flow changes across many surface or 
penetrating/ascending vessels, such as Doppler optical coherence 
tomography [21] or advanced intrinsic optical imaging [22], could 
complement the approach taken here.  
 Conventional methods for producing vascular occlusions are not well 
suited to producing occlusions in small venules. Mechanical ligation 
approaches are limited to large vessels, such as the superior sagittal sinus [23]. 
Optical methods relying on linear excitation of an intravenously-injected 
photosensitizer [24] potentially provide higher precision [11], but thrombus 
formation is difficult to localize to a single vessel. Embolus injection models 
have been used to occlude smaller vessels [25], but this technique is 
inappropriate for venule occlusions, as the emboli will block arterioles and 
capillaries before ever reaching the venous system. In this study, we tightly 
focused high-energy, femtosecond laser pulses onto the vessel lumen to drive 
nonlinear absorption of the laser energy at the focus, thereby inducing an 
injury that is confined within the focal volume [17]. This injury triggers 
clotting in the target vessel, while leaving nearby vessels and the surrounding 
brain tissue morphologically intact. Overall, this approach provides a robust 
animal model of cortical venule occlusions that allows precise and controlled 
clotting of single venules at and below the brain surface with minimal 
collateral damage.  
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Topology is a dominant factor in the redistribution of blood following 
vascular occlusion. Vascular topology plays a crucial role in redistributing 
blood flow following a cortical vessel clot. Occlusion of communicating 
surface arterioles does not lead to severe decreases in flow in downstream 
arterioles and capillaries because the vascular anastomoses within the surface 
arteriole network provide collateral flow [18,26]. Similarly, after the occlusion 
of a surface venule with a collateral vessel, we find that blood flow changes in 
upstream capillaries are minimized, while topologies that do not contain a 
surface collateral venule result in severe blood flow decreases. These studies 
highlight the important role of redundancy in both the arterial and venular 
networks in maintaining flow following surface vessel occlusions. In contrast, 
occlusions in vessels with topologies that contain no collateral pathways, such 
as PAs and AVs, lead to flow decreases in underlying capillaries. Clotting of a 
PA results in severe decreases in blood flow in downstream capillaries to at 
least seven branches downstream from the targeted vessel [16], whereas blood 
flow is seen to recover after the fourth branch upstream following an AV 
occlusion. The difference in the topological distance through the capillary 
network at which blood flow recovers after a PA or AV occlusion can be 
attributed to the fact that PAs are outnumbered by AVs almost two to one. 
Because the capillary branching pattern is similar for both vessel types, this 
difference in density, and therefore in distance between two PAs or two AVs, 
suggests that the number of capillary branches between two PAs is greater 
than number of branches between two AVs. As a result, blood flow deficits in 
capillaries downstream from an occluded PA will extend further into the 
capillary network before another nearby PA is able to effectively provide 
alternatively-sourced blood flow. In contrast, because two AVs are closer, 
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blood in capillaries upstream from an occluded AV requires fewer branches to 
reach an alternative AV, resulting in less severe blood flow deficits. To further 
support this idea, we performed a topology-weighted analysis of capillary 
flow changes as a function of distance from an occluded vessel, which showed 
that the spatial extent and severity of blood flow decrease was less dramatic 
following an AV occlusion as compared to a PA occlusion. Together, these 
results not only implicate the role of vascular topology and connectivity in the 
redistribution of blood flow, but also highlight the importance of the occlusion 
location within the vascular hierarchy. 
 
Capillary dilations are a passive process following an ascending venule 
occlusion. One of the key findings in this study is the large dilation in 
upstream capillaries following the occlusion of an AV. One question is 
whether or not the observed dilation is an active or passive process. Previous 
anatomical studies of the cerebral microvasculature have established the lack 
of smooth muscle cells in the capillaries upstream from AVs [27], suggesting 
that capillaries do not actively modulate their diameter. This leads to the 
hypothesis that the capillary dilations we observe are a passive process, 
induced by an increase in intravascular pressure, caused by the fact that after 
the venule occlusion the immediately upstream capillaries are now 
topologically further away from a low pressure draining venule. To model 
this scenario, we considered the capillary as a tube embedded in a matrix of 
brain tissue [28], with a Young’s modulus, E, of 1.5 kPa and a Poisson’s ratio, 
ν, of 0.5 [29]. The change in vessel radius, R, is then linked to the change in 
intravascular pressure, P, by 
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(Eq. 4.1) 
 
where Pc and Rc are post-clot and Po and Ro are baseline pressure and radius, 
respectively. Using Eq. 4.1, we calculated the pressure increase required to 
induce a dilation that agrees with our experimental measurements (Figure 
4.18). The 5-10% increase in intravascular pressure we calculate compares well 
to the pressure difference measured between capillary beds and the first 
draining venules in cat mesentery [30]. We note, however, that pericytes have 
been shown to actively modulate the diameter of capillaries [31], and their 
involvement in the diameter changes observed here cannot be ruled out, 
although the magnitude of the dilation we observed is larger than the typical 
diameter changes associated with pericyte activation [32]. Indeed, previous 
work showed capillaries downstream from an occluded PA dilate [16], 
presumably an active process, with diameter changes smaller than those 
observed here. 
 
Blood flow decreases after small venule strokes may be damaging to brain 
cells. The extensive blood flow and vascular changes we observed following 
occlusion of single cortical AVs and SVs suggest that these occlusions may 
lead to dysfunction in brain cells. Previous work has shown that occlusion of 
large cortical veins leads to regional reductions in blood flow that causes 
ischemic infarction [12]. We found that blood flow decreased to about 20% of 
baseline values within 100 µm of occluded AVs, which is at the level where 
cellular inhibition of protein synthesis and energy failure begins to occur [33]. 
These blood flow reductions are not sufficient to cause acute cell death, but, if 
protracted in time, may lead to brain dysfunction [34]. This conclusion is 
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Figure 4.18 Capillary dilations are due to increased internal pressure. A) 
Schematic of capillary located within the brain tissue that possesses a Young’s 
modulus, E, and Poisson’s ratio, ν. At baseline, the initial radius and pressure 
is Ro and Po, respectively, both of which increase to Rc and Pc following the 
clot. B) Bar plot of the change (mean ± SEM) in intraluminal pressure as a 
function of topological connection to the occluded vessel calculated from Eqn. 
1 and the mean diameter changes in Figure 3.8. *: p < 1.0E-7, ‡: p < 0.05; 
compared to sham vessels. 
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supported by studies in the intestinal mesenteric circulation showing that 
venular occlusion lead to parenchymal cell death that increased with time [35]. 
Furthermore, changes in vascular wall shear stress caused by changes in flow 
speed and direction could promote inflammation and oxidative stress in 
endothelial cells [36]. Lastly, increased intravascular capillary pressures may 
lead to increased blood brain barrier permeability [37], which can cause brain 
edema and inflammation [36,37]. Venous insufficiently has been associated 
with an increasing number of brain pathologies, ranging from multiple 
sclerosis to dementia [6,7,9]. Although the role of venous alterations in the 
pathogenesis of these conditions remains uncertain, the present results 
demonstrate that venular occlusions have profound and widespread effects on 
brain microcirculation, highlighting the pathogenic potential of venous 
insufficiency. 
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Chapter 5 
Pre-ictal and ictal neurovascular and metabolic coupling 
 This chapter investigates cerebral blood flow changes and metabolic 
activity before and during focally initiated seizures. We show, for the first 
time, that surface arterioles demonstrate pre-ictal vasoconstriction in the 
surrounding regions of the seizure focus. This work was in collaboration with 
Ted Schwartz, a neurosurgeon at Cornell Weill Medical College, and Mingrui 
Zhao, a postdoc in Ted’s lab. The following text contains the entire study as I 
thought it would put my contribution in better context. My specific 
contribution to the study was using two-photon excited fluorescence (2PEF) 
microscopy to investigate vessel diameter dynamics before, during and after 
seizure activity, shown in Figure 5.4-5.7. 
 
At the time of writing this dissertation, the following study was accepted into 
the Journal of Neuroscience. The expected citation should resemble the 
following:  
 
Mingrui Zhao, John Nguyen, Hongtao Ma, Nozomi Nishimura, Chris B. 
Schaffer, Theodore H. Schwartz: Pre-ictal and ictal neurovascular and 
metabolic coupling surrounding a seizure focus. J. Neuro, 2011. 
 
5.1 The epileptic focus 
 Neurovascular and neurometabolic coupling are critical to supply the 
energy demands of brain tissue during both normal physiological function 
and pathological conditions such as epilepsy [1,2]. Early investigators have 
shown dramatic increases in cerebral blood flow (CBF) and metabolism in the 
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epileptic focus during seizure initiation and propagation in a variety of animal 
models, originally using techniques such as autoradiography and more 
recently in humans with single photon emission computed tomography, 
positron emission tomography (PET), functional magnetic resonance imaging 
(fMRI) and intrinsic optical signal (IOS) imaging [3-8]. Pre-ictal hemodynamic 
events have also been described, which may precede seizures by anywhere 
from 20 minutes to a few seconds, showing promise as a technique for 
identifying seizure onsets [4,9]. However, little attention has been paid to 
neurovascular and neurometabolic coupling and pre-ictal activity in the area 
of cortex surrounding the epileptic focus during seizures. The “surround” of 
an epileptic focus was originally identified in interictal animal models of 
epilepsy, using penicillin injection or other GABAA antagonists, as an area of 
intense neuronal inhibition, presumed to prevent the transition to ictal onset 
[10]. This so called “inhibitory surround”, however, was not commonly found 
during ictal events, except in in vitro models where feed-forward inhibition 
was shown to act as a “veto” mechanism to limit seizure spread [11]. 
 Hemodynamic techniques also show profound inverted signals in the 
cortex surrounding an ictal event, indicating decreases in CBF and cerebral 
blood volume (CBV) [12,13]. Studies of cortical metabolism such as PET or 
autoradiography, however, do not routinely show hypometabolism in the 
cortex surrounding the seizure focus [14]. In our previous studies of acute 
seizures, we have demonstrated a transient decrease in CBF and CBV around 
an ictal focus, accompanied by an increase in tissue oxygenation [13]. The 
etiology of this short drop in perfusion was unclear. In this current study we 
examined whether the decrease in CBF and CBV around a seizure focus was 
accompanied by a decrease in cortical metabolism. We also examined whether 
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the decrease in CBF and CBV is caused by a passive shunting of blood into the 
ictal focus, i.e. a steal phenomenon caused by vasodilation in the focus, or by 
active shunting of blood due to vasoconstriction in the surrounding brain. 
Finally we studied the timing of these processes with the goal of identifying 
pre-ictal neurovascular or neurometabolic events in the surround that may 
elucidate mechanisms for seizure initiation. We found that metabolism is 
decreased in the cortex surrounding a seizure focus and discovered a new 
phenomenon, namely pre-ictal vasoconstriction in a ring of cortex 
surrounding the seizure focus, which actively shunts blood to the ictal focus 
and may serve to prepare the focus for the impending dramatic increase in 
neuronal activity and metabolism. The significance and possibly etiologies of 
this new finding are discussed. 
 
5.2 Experimental methods 
 Refer to Chapter 3.5 for general surgical procedures and optical setup. 
 
Epileptogenesis and Electrophysiology. Ictal discharges were induced by 
injecting 0.5 µl of 4-aminopyridine (4-AP, Sigma), with a concentration 15 mM, 
through a single-barreled glass microelectrode using a Nanoject II injector 
(Drummond Scientific) [12,13,15-17]. Extracellular local field potential (LFP) 
was recorded either with the same electrode or a second single-barreled glass 
microelectrode (impedance, 2-4 M") filled with saline, positioned <1 mm 
from the 4-AP electrode and lowered to a depth of 300~500 µm into the 
neocortex. The signal was amplified and filtered between 0.1 and 500 Hz using 
a DAB-S system (World Precision Instruments, Sarasota, FL), and digitized at 
1000 Hz by a CED Power 1401 (Cambridge Electronic Design). Data was 
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recorded using Spike2 software (Cambridge Electronic Design).  
 
Laser Doppler flowmetry. One custom angled stainless steel laser Doppler 
flowmetry (LDF) probe was placed on the cortex, avoiding large blood vessels 
(wavelength, 780nm; fiber separation, 0.25 µm; Perimed AB). The probe was 
placed to close as possible to the 4-AP electrode (heretofore referred to as the 
“focus”) or >2 mm away from the electrode (heretofore referred to as the 
“surround”). Nine rats and eight rats were used in the focus experiment and 
the surround experiment, respectively. LDF provides continuous 
hemodynamic monitoring of red blood cell velocity and red cell concentration 
yielding a calculated CBF measure that correlates with traditional methods 
[18]. CBF was continuously recorded by the PeriFlux System 5000 (Perimed 
AB). Data was acquired at 200 Hz with a 0.05 s time constant using a CED 
Power 1401 and Spike2 software.  
 
Tissue oxygenation. Tissue oxygenation was measured with one Clark-style 
polarographic oxygen microsensor, which responds linearly to tissue oxygen 
concentration changes. The tip of the microsensor is 25 µm in diameter with a 
90% response time of <0.5 s. The tip measures a sphere of tissue 
approximately 60 µm in diameter. Calibrations were performed at 37 oC in 
saline equilibrated with either bubbling air (atmospheric pO2) or 100% N2 gas 
(zero pO2) before each experiment. The oxygen microelectrode was inserted 
~400 µm deep into the neocortex, close as possible to the 4-AP injection site 
(“focus”) or >2 mm away (“surround”). In both cases, the oxygen microsensor 
was placed as close as possible to the LDF probe. The signal was measured 
with a high impedance picoammeter (PA 2000, Unisense A/S) and recorded to 
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the computer by a CED Power 1401 and Spike2 software. An off-line 0.3 Hz 
low-pass filter was used to remove the artifacts caused by spatial 
displacement [19,20].  
Oxygen consumption. Cerebral metabolic rate of oxygen (CMRO2) was 
calculated from CBF and pO2 measurements as described by Gjedde [21] and 
Thomsen [22]. The relationship between the three variables is 
 
(Eq. 5.1) 
 
Where tPO2 is the tissue oxygen tension, P50 is the half-saturation tension of 
the oxygen–hemoglobin dissociation curve, h is the Hill coefficient of the same 
dissociation curve, Ca is the arterial oxygen concentration, and L is the effective 
diffusion coefficient of oxygen in brain tissue. The value of L was determined 
from baseline values of rats in similar conditions of anesthesia in which CBF 
and CMRO2 were reported in the literature to be 0.53 ml/g/min and 2.19 
µmol/g/min [23]. The corresponding value of L was 5.45 
µmol/g/min/mmHg for standard values of P50 (36 mmHg), h (2.7), and Ca (8 
µmol/ml). 
 
Intrinsic optical spectroscopic imaging. The exposed cortical surface was 
illuminated with one of two different wavelengths (570 ± 10 nm and 810 ± 30 
nm) light. Reflected light from the cortical surface was collected by a 50 mm 
camera lens and divided into two separate paths using a dichroic 
beamsplitter. Each light beam passed through a second 50 mm camera lens. 
The reflectance at 570 nm provides a measurement of CBV. At 800 nm, the 
optical signal is largely derived from changes in light scattering related to cell 
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swelling as well as intra- and extracellular fluid shifts, which provide an 
indirect representation of neuronal activity [24]. Images were acquired at 10 
Hz (Imager 3001, Optical Imaging Inc.) as previously described [13]. Intrinsic 
imaging was performed in 5 rats at each wavelength. 
 
Autofluorescence flavoprotein Imaging (AFI). AFI is a non-hemodynamic 
measure of cellular metabolism derived from the fluorescence of flavoproteins 
associated with the electron transport chain in mitochondria. We imaged 
flavoprotein autofluorescence using a band-pass excitation filter (455 ± 35 nm), 
an extended reflectance dichroic mirror (500 nm), and a 515 nm long-pass 
emission filter [25], on the same imaging system described above. A total of 5 
rats were used in the intrinsic and AFI imaging experiment. 
 
2PEF microscopy of surface cortical vasculature. In vivo images of cortical 
vasculature were obtained with a custom built 2PEF fluorescence microscope 
using low-energy, 100 fs, 800 nm, 76 MHz repetition rate laser pulses 
produced by a Titanium:Sapphire oscillator (Mira-HP; Coherent) that was 
pumped by a continuous wave laser (Verdi-V18; Coherent). Laser scanning 
and data acquisition was controlled using MPSCOPE software [26]. To help 
navigate and map the entire cranial window we used a 0.28 numerical 
aperture (NA), 4x magnification, air objective (Olympus). For high-resolution 
imaging and vessel diameter measurements, we used a 0.95 NA, 20x 
magnification, water-immersion, objective (Olympus). High-resolution movies 
(3.39 frames per second) of vessels were obtained to track diameter changes 
during seizure activity. Four rats were used for vessel diameter 
measurements.  
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Data analysis. The offline analysis was performed using custom analysis 
software written in Matlab (MathWorks). Since ictal events can have a varying 
electrographic morphology, we only analyzed those that had no interictal 
spikes during the 20s prior to the ictal onset and that began with a large 
population spike followed by a recruiting rhythm to eliminate any confusion 
regarding the onset of the seizure (Figure 5.1B). Seizure onset was determined 
by visual analysis of the LFP from the initial negative deflection of the large 
spike that preceded all seizures [13]. CMRO2 data were converted to percent 
change (Δ) from baseline by subtracting then dividing the average baseline 
value obtained over a 2 s block of time prior to the onset of the ictal discharge. 
The tracing was analyzed starting 20 s prior to the electrographic onset of the 
seizure to evaluate pre-ictal activity. The magnitude of the response was 
estimated as the area under the curve above (positive) or below (negative) two 
standard deviations from the pre-event baseline. 
 Reflectance changes at 800 nm and 570 nm were expressed in percentage of 
a negative change from the baseline (-ΔR/R), while flavoprotein 
autofluorescence is expressed in percentage of fluorescence change from the 
baseline (ΔF/F). Response time courses were extracted from 0.5 mm 
concentric rings centered on the focus of the 4-AP seizure. We used concentric 
rings at a predetermined distance to avoid selection bias resulting from 
placing a region of interest (ROI) by hand (Figure 5.1A). Each frame following 
the onset of each seizure and for 20 s before onset, was divided by an average 
of the 20 frames (2 s) prior to the onset. The amplitude of the response was 
shown as positive or negative based on whether the signal rose or decreased 
either above or below a threshold set at two standard deviations from the pre-
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event 2 sec baseline. An average of percent fractional changes of optical signal, 
positive peak, and negative peak at each time point of optical signal inside 
each of 0.5mm ring were used for further analysis. 
 For analysis of two-photon image data, Matlab code was developed to 
calculate diameter changes in individual blood vessels. For each vessel, an 
ROI was placed over the vessel and its boundary determined using a 
threshold (20% of maximum intensity). The diameter was then calculated as 
the average width across the length of the selected region. A trend line of 
diameter changes was calculated at baseline and during seizure activity. To 
determine whether the measured vessel elicited a significant response, we 
calculated the 99% confidence interval about the mean of baseline activity 
prior to seizure onset. We then use the upper and lower bounds of the 
confidence interval as threshold values for dilation and constriction, 
respectively. The dilation or constriction onset is the time point at which the 
diameter trend line exceeds the threshold values (Figure 5.6A). If the trend 
line does not exceed the bound limit, then the vessel was deemed to not elicit 
the respective vascular response to the seizure activity. As described above, a 
distinct spike in the LFP recording determined seizure onset. For boxplots, 
circles indicate individual data points while cross hairs are considered 
statistical outliers, which were not included when calculating the mean. 
Horizontal red and black lines represent the mean and median, respectively. 
 For most data, statistical significance was determined with ANOVA and 
post-hoc tests comparing the baseline mean measurement of results averaged 
over all seizures in all animals. A Mann-Whitney U test was performed on 
data shown in Figure 5.7C. All data were expressed as means ± standard error 
of mean (SEM). 
 102 
5.3 Results 
 We studied neurovascular and metabolic activity before and during 
seizure activity using several optical techniques. Intrinsic optical signal 
imaging was used to measure CBV and fluid shifts in the tissue. 
Autofluorescence detections of flavoprotein provided nonhemodynamic 
measurements of cellular metabolism. Laser Doppler flowmetry provided CBF 
measurements that enabled CMRO2 calculations. Lastly, we used 2PEF 
microscopy to measure changes in vessel diameter during seizure activity. 
 
5.3.1 Acute focal 4-AP seizures 
 Acute focal seizures were elicited with injection of 4-AP. These seizures 
typically began with a large negative spike followed by a low amplitude fast 
activity which evolved into rapid spike-and-wave activity that gradually 
increased in periodicity and decreased in amplitude until the seizure 
terminated (Figure 5.1B). 
 
5.3.2 Light scattering and CBV imaging of center-surround dynamics 
 Optical recording at 800 nm demonstrated an antagonistic center-surround 
dynamic (Figure 5.1C). The complex, dynamic relationship between the 
positive signal in the focus and the negative signal in the surround evolved 
over the course of the seizure. For the purposes of data analysis, we chose two 
moments in time that were representative of the predominant interaction, 
namely the time point at which the positive signal in the seizure focus was at 
its maximum, an average of 36.5 ± 8.6 s after seizure initiation and the time 
point at which the negative signal in the seizure surround was at its 
maximum, an average of 11.6 ± 9.3 s after seizure initiation. Average data over 
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Figure 5.1. Light scatter and CBV measurements during seizure. A) Image of 
cortical surface (570nm) to demonstrate location of 4-AP and LFP electrode 
(white arrow). Concentric rings spaced 0.5 mm around the focus were used to 
examine positive and negative signal changes. B) LFP recording of one 
seizure. The dotted lines showed the onset (left) and offset (right) of seizure. 
C) Typical 800 nm maps shows an increase in the optical signal in the ictal 
focus and decrease in the surround at the time of the maximal amplitude in 
the positive signal in the focus indicating a “center-surround” effect in 
neuronal activity. D) Average positive signal response (n=5 rats, 11 seizures) 
decreases with distance from the focus. E) Average negative signal response at 
the time of its maximum shows that a smaller negative signal reaches its peak 
~2 mm from the focus, in the surrounding cortex. F) Typical 570nm map 
shows a similar “center-surround” dynamic for CBV change but with a more 
widespread, irregular increase in CBV in the focus with an irregular decrease 
in CBV in the surround. G) Average increase in CBV (n=5 rats, 18 seizures) at 
its peak is maximal in the focus and falls off with distance. H) Average 
decrease in CBV at the time of its minimum occurs at ~2 mm from the ictal 
focus. Error bar: SEM. 
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all experiments revealed that the positive signal diminished in amplitude with 
increasing distance from the seizure focus (Figure 5.1D, n=5 rats, 11 seizures). 
The maximum amplitude of the positive signal in the focus was 6.2 ± 1.3%. 
Statistical testing revealed a significant decline in the positive signal within 
each ring to a value of 0.14 ± 1.0% in the last ring at 2.5 mm (p<0.001). The 
inverted, negative signal in the surrounding cortex, on the other hand, was 
largest at a distance of 2.0 mm from the focus with a maximum amplitude of 
-2.1 ± 0.2%, which was also statistically different from the values in other rings 
(p<0.001, Figure 5.1E). Although not a direct measure of neuronal activity, the 
signal indirectly represents increases in neuronal activity in the focus and 
decreases in neuronal activity in the surround by measuring mostly changes 
in light scattering in the tissue (see Methods). 
 Optical recording at 570 nm provided a map of CBV during seizure 
activity (Figure 5.1F), nearly identical to those previously published by our 
group [13]. The 570 nm map revealed a similar center-surround effect as seen 
with the 800 nm data but the activity was less focal and had more vascular 
artifact, which was not seen in the 800 nm data (Figure 5.1F). The maximal 
increase in CBV in the focus was 11.5 ± 1.9%, which decreased with distance 
but did not reach baseline, even 2.5 mm from the focus (p<0.001; Figure 5.1G, 
n=5 rats, 18 seizures). A decrease in CBV in the surround was also identified 
with a maximum change of -2.3 ± 0.4% peaking at 2.0 mm from the focus 
(p<0.01, Figure 5.1H). Hence, CBV maps provide an indirect and less spatially 
precise measurement of excitatory and inhibitory pattern of neuronal activity, 
as indirectly measured by as compared with those measured with light scatter 
changes (Figure 5.1C–5.1E), and clearly show a decrease in CBV surrounding a 
seizure focus. The etiology of this negative signal in the surround and its 
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timing with respect to the seizure onset was then investigated in further detail. 
Of note, using intrinsic signal imaging in this acute seizure model, we did not 
find any pre-ictal increase or decrease in either light reflection or CBV during 
a 20 s window before seizure onset. 
 
5.3.3 Metabolic mapping of center-surround dynamics. 
 In a previous paper using laser Doppler flowmetry (LDF), we showed that 
the decrease in CBV surrounding the 4-AP focus was accompanied by a 
transient decrease in CBF, followed by a later increase in CBF as the seizure 
propagated horizontally [13]. Tissue oxygenation in the surround, on the other 
hand, increased throughout the duration of the seizure [13]. Although we 
assumed that a drop in blood flow and an increase in tissue oxygenation 
would be associated with a decrease in oxygen metabolism from neuronal 
inhibition, having not directly measured metabolism, the possibility remained 
that the increase in activity in inhibitory interneurons would result in an 
increase in metabolism, or that only a fraction of the pyramidal cells would be 
inhibited while others would increase their activity, resulting in a net increase 
or no change in metabolism. To address this question, we first investigated 
metabolism using autofluorescence imaging (AFI) of flavoproteins, so as to 
sample large areas of the cortex simultaneously including both the seizure 
focus and the surround (n=5 rats). With this technique, we could also 
determine if the resulting maps of seizure onset were more focal than 
hemodynamic maps, since the signal arises purely from local mitochondria 
rather than non-local vascular supply [25,27-29]. 
 AFI measured changes in the redox state of mitochondrial flavoproteins, 
primarily flavin adenine dinucleotide (FAD), since its oxidized form (FAD+) is 
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more fluorescent than the reduced form FADH [27]. Increases in neuronal 
activity result in increases in intracellular Ca+ and depletion of ATP and 
production of ADP, which leads to a reduction in the proton gradient across 
the inner mitochondrial membrane and an increase in flavoprotein 
fluorescence [25,30]. Similar to AFI of normal sensory processing, we found 
that the signal was biphasic, having an early oxidation phase i.e. “light phase” 
(Figure 5.2A), arising from neuronal oxidative metabolism, followed by a 
later, more prolonged reduction phase i.e. “dark phase” (Figure 5.2D and 
5.2G), presumably arising from a combination of glycolysis in astrocytes and 
contamination from increased CBV and the intrinsic signal [31,32]. However, 
certain aspects of the AFI maps showed that epileptic events differ from 
normal physiologic sensory responses. In the early light phase (~0-2 sec), the 
maximal positive AFI peak occurred in the focus with an amplitude of 1.5 ± 
0.3% and decreased with towards the periphery (p<0.001, Figure 5.2B). Unlike 
normal physiologic responses to sensory stimulation in the neocortex, we 
identified an inhibited surround with a peak negative AFI of -0.9 ± 0.3% 
(p<0.01, Figure 5.2C). The strong positive AFI signals were centered between 0 
and 1.0 mm, while the smaller negative AFI signal were between 1.5 and 2.5 
mm. As the seizure progressed, the signal inverted and a decrease in AFI of -
3.3 ± 0.9% was recorded in the focus and a peak increase of 1.9 ± 0.3% 
(p<0.001) was recorded in the surround (Figure 5.2E and 5.2F). In the late part 
of the dark phase (>5 s), the negative signal in the focus reached -6.2 ± 1.4% 
while the positive peak in the surround decreased to a maximum of 0.9 ± 0.2% 
(p<0.001, Figure 5.2H and 5.2I). These findings confirm an early increase in 
metabolism in the epileptic focus, consistent with the dip in hemoglobin and 
tissue oxygenation, or “initial dip” previously demonstrated in this model. 
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Figure 5.2 Cellular and metabolic changes in focus and surround. A) 
Flavoprotein autofluorescence images (AFI) at selected time points after 
seizure onset in a single animal reveal biphasic signal with a center-surround 
effect during the early “light” phase. B) The average amplitude of the positive 
signal during the first 2 sec after seizure onset shows an increase in oxidative 
metabolism in the focus. C) Average amplitude of the negative signal shows a 
small decrease in oxidative metabolism in the surround. D) AFI after seizure 
onset at early “dark” phase. E) Between 2 and 5 s after seizure onset, there is 
an inversion in the signal with an increase in fluorescence in the surround. F) 
The center-surround effect is seen at this time period also showing a decrease 
in fluorescence in the focus. G) AFI after seizure onset at the later “dark” 
phase. As the seizure progresses (5-40 s), the decrease in fluorescence in the 
focus increases in amplitude H) and the increase in the surround I) diminishes 
(B-C, E-F, H-I: n=5 rats, 14 seizures). Error bars: SEM. 
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However, the decrease in AFI during the early light phase surrounding the 
ictal focus is consistent with a transient decrease in oxidative metabolism in 
the surround, a newly described phenomenon that is consistent with a 
decrease in neuronal activity. At later timepoints, interpretation of the etiology 
of the AFI signal is less clear, resulting from a combination of changes in CBV, 
which make up a significant proportion of the optical signal at the emission 
wavelength of AFI, as well as glycolysis in astrocytes, which is the primary 
component of the later “dark” phase of the AFI signal. 
 In order to overcome these temporal limitations of AFI, namely overlap 
between the emission spectrum of AFI and the intrinsic CBV signal at 
timepoints >2 s, we directly derived tissue oxygen metabolism using 
simultaneous measurements of CBF and tissue oxygenation in the focus (n=9 
rats) and the surround (n=8 rats) and calculated cortical oxygen consumption 
(CMRO2) using Gjedde’s method [21,22]. In the focus, CMRO2 was 
significantly increased 2.2 s after seizure onset (p<0.05) and reached a 
maximum of 14.7 ± 3.8% (p<0.001) compared with the pre-ictal baseline (n=9 
rats, 54 seizures, Figure 5.3, top). In the surround region, two different 
phenomena were identified. In most of the rats, CMRO2 showed a significant 
sustained decrease by an average of -8.3 ± 2.5% (5 of 8 rats; n=43 seizures; 
p<0.05). In the rest of the animals, we found a transient increase of 6.3 ± 1.3% 
(1.3 to 3.2 s; p<0.05; Figure 5.3, middle) followed by a sustained decrease to 
-5.7 ± 1.4% (3 of 8 rats; n=39 seizures; p<0.05; Figure 5.3, bottom). These results 
show the expected dramatic increase in metabolism in the focus and confirm 
the AFI results showing an overall decrease in metabolism in the surround 
consistent with a net decrease in neuronal activity. However, unlike the AFI 
results, the measurements of tissue metabolism persist for a longer time 
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Figure 5.3. CMRO2 during seizure. CMRO2 increases in the focus during the 
ictal discharge (top, n=9 rats, 54 seizures). Two different responses were 
recorded in the surround. In most animals (middle, n=5 rats, 43 seizures) a 
decrease in CMRO2 was measured while in other animals (bottom, n=3 rats, 39 
seizures) a transient increased was followed by a longer decrease in CMRO2. 
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period, supporting the correlation between only the early light phase of the 
AFI data and neuronal metabolism.  
 
5.3.4 Two-photon measurements of arteriolar diameter. 
 In order to determine the etiology of the transient drop in CBF and CBV in 
the surround at seizure onset, we measured arteriolar diameter using 2PEF 
imaging (n=4 rats). Low magnification images were first used to navigate the 
surface vasculature and determine spatial distances of specific vessels relative 
to the injection site of the 4-AP (Figure 5.4A). High magnification movies of 
individual arterioles allowed for tracking diameter changes during seizure 
activity near (Figure 5.4B and 5.4C) and far (Figure 5.4D and 5.4E) from the 
seizure focus. We found that arterioles dilated in response to the seizure, with 
a decreasing amount of dilation with increasing distance from the 4-AP 
injection site (Figure 5.5A; n=4 rats, 71 vessels, 45 seizures, 143 
measurements). Within 2.5 mm of the seizure focus, 97% of the measured 
arterioles dilated (Figure 5.5B), with diminishing responses further away. For 
vessels within a 1 mm ring centered on the 4-AP injection site (focus) arterioles 
dilated by an average of 63 ± 5% of their baseline diameter (Figure 5.5A). In 
the ring 1.5-2.5 mm from the 4-AP injection site (surround), we observed early 
vascular constriction followed by delayed dilation in all seizures measured 
(Figure 5.4E and 5.6A). In this ring, 69% of the vessels displayed this early 
constriction, with a smaller fraction of vessels dilating for vessels closer or 
farther from the seizure focus (Figure 5.6B). On average, the vessels in this 
ring constricted to 7% ± 1% of their baseline diameter during this constriction 
phase, with smaller constrictions for vessels closer or farther from the seizure 
focus (Figure 5.6A). 
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Figure 5.4 Seizure-induced vascular changes. A) Two-photon image of 
fluorescence-labeled surface vasculature. The electrode (blue) is implanted 
into the brain and vessels near and far (red boxes) from the seizure focus are 
studied. The vascular responses for these regions are show in panels B 
through E. B) Two-photon images of a vessel located ~2100 µm from the 
injection site. Each time stamp corresponds to a time point in panel C. 
Corresponding plot of vessel diameter (top) from panel B during ictal events 
(bottom). Note vascular constriction prior to seizure onset. D) Two-photon 
images of a vessel ~325 µm from the seizure focus. Each time stamp 
corresponds to a time point in panel E. E) Corresponding plot of vessel 
diameter (top) from panel D during ictal events (bottom). Note that vascular 
dilation is concurrent with seizure onset and evolution.  
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Figure 5.5 Seizures result in spatially dependent arteriole dilations. A) 
Vessel dilation and B) percentage of vessels that dilate as a function distance 
from the seizure focus. Black lines represent the running mean and fraction for 
panels A and B, respectively. Circles represent individual data points. Grey 
regions represent the 95% confidence interval about the trend line.  
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Figure 5.6 Spatially dependent arteriole constrictions A) Vessel constriction 
and B) percentage of vessels that constrict as a function distance from the 
seizure focus. Black lines represent the running mean and fraction for panels 
A and B, respectively. Circles represent individual data points. Grey regions 
represent the 95% confidence interval about the trend line.  
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5.3.5 Temporal characteristics of vascular reactivity. 
 Having demonstrated for the first time that active vascular constriction in 
the ictal surround occurs, we sought to determine the timing of this event with 
respect to seizure onset. Plotting the temporal profile of vasodilation 
compared with vasoconstriction (Figure 5.7A and 5.7B), we determined that 
vasodilation in the focus occurred 0.5 ± 0.1 s after seizure onset whereas 
vasoconstriction in the surround occurred 5.3 ± 0.5 s prior to seizure onset 
(Figure 5.7C) (p < 1.0E-7, Mann-Whitney U test). Note that all vasoconstriction 
was observed to occur prior to seizure onset.  
 
5.4 Discussion 
 Our data indicate that, in a model of acute rodent seizures, ictal onset is 
preceded by active vasoconstriction in small arterioles surrounding the ictal 
focus. As the seizure progresses, tissue and oxidative metabolism increase in 
the ictal focus and generally decrease in the surround, as do CBV and cell 
swelling, although transient increases in tissue metabolism can occur in the 
surround in some seizures. Our data support a model in which a “center-
surround” dynamic characterizes both metabolic and neurovascular 
mechanisms during in vivo ictal evolution. In addition, this novel pre-ictal 
event may be a useful tool for seizure prediction and possible manipulated or 
capitalized upon for therapeutic effect.  
 
Center-surround phenomena. Epileptic surround inhibition elicited by 
interictal spikes was thought to be a mechanism to prevent the interictal to 
ictal transition [10]. Similar surround inhibition has been described during 
normal cortical processing [33,34] as well as during interictal spike activity 
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Figure 5.7 Arterioles in surround constrict prior to seizure onset. A) 
Representative example of vascular diameter and B) simultaneous LFP 
recording of seizure onset demonstrate pre-ictal vasoconstriction and post-
ictal vasodilation. A 99% confidence interval about the mean diameter is 
shown in panel A. Arrows indicate constriction (first arrow), seizure onset 
(second arrow), and dilation (third arrow). C) Boxplot of dilation and 
constriction onset times relative to seizure onset. Red and black lines represent 
mean and median, respectively. Circles are individual data points and cross 
hairs are statistical outliers. *: p<1.0E-7. (n = 4 rats, 71 vessels, 45 total seizures, 
143 total measurements).  
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[12]. This finding may be unique to the neocortex and is not found in the 
cerebellum where perforant pathway stimulation elicits upstream vasodilation 
of larger arterioles and non-specific widespread increase in CBF [35]. Ictal 
events are more complicated since they evolve over space and time, through a 
dynamic interplay of both synchronized and desynchronized excitatory and 
inhibitory activity, progressing from initiation to propagation to termination 
as they spread horizontally over the cortex. The concept of surround 
inhibition has not been well studied during seizures in vivo, although evidence 
of enhanced inhibitory activity around the ictal focus is mentioned in several 
studies [36]. Ictal surround inhibition does not appear to completely encircle 
the focus, which is consistent with the “center-surround phenomenon” 
reported during normal cortical activity [34]. Explanations for such an 
inhomogeneous response include a mixture of inhibitory and excitatory 
neuronal activity, potentially a reflection of patchy vascular domains. In this 
study we show clear evidence of early ictal surround inhibition, revealed with 
optical mapping of light scattering from cell swelling and CBV, which is 
further manifested in tissue and cellular metabolism and pre-ictal arteriolar 
vasoreactivity. 
 Associated with a decrease in neuronal activity in the ictal surround, we 
demonstrate a decrease in CBV. The etiology of the widespread decrease in 
CBV in the surround was hypothesized to arise either from a passive steal 
phenomenon, as vessels in the focus dilate and redirect oxygenated blood 
toward the metabolically hyperactive focus [37], or from active shunting of 
blood through vasoconstriction of vessels in the surround [13]. This latter 
mechanism has been demonstrated to occur during normal cortical 
processing. However, surround vasoconstriction during normal cortical 
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processing occurred after physiologic stimulation and after a brief period of 
vasodilation [34]. In contrast, we report the opposite time profile of dilation 
and constriction in the surround of an epileptic seizure, namely pre-ictal 
vasoconstriction followed by vasodilation. Surprisingly, the spatial 
topography, if not the timing, of the center-surround inversion in vascular 
reactivity is conserved, when comparing normal sensory processing to ictal 
events using 2-photon imaging, as well as in studies of the blood oxygen level 
dependent signal, which also inverts at >2 mm during normal visual 
processing in the monkey [38]. The conservation of the center-surround effect 
and its spatial topography in both normal and abnormal physiologic events 
points to a conserved mechanism. Recent evidence is mounting that vascular 
reactivity at the arteriolar level is highly influenced by local neurotransmitter 
and neuropeptide release [39]. Putative mechanisms include release of NO by 
excitatory neurons causing vasodilation , inhibitory neurotransmitters causing 
vasoconstriction [39], varying levels of extracellular potassium eliciting 
vasodilation and vasoconstriction [40], as well as astrocyte and pericyte-
mediated vascular reactivity [41,42]. 
 
Pre-ictal surround vasoconstriction. Pre-ictal increases and decreases in 
neuronal activity, and progressive coalescing of high-frequency activity and 
microseizures have been documented [43]. It is likely that these pre-ictal 
electrophysiological events are accompanied by alterations in focal 
hemodynamic responses. However, no pre-ictal decreases in high frequency 
activity in the surround have been demonstrated, although human single unit 
recordings have shown a small percentage of neurons may decrease activity 
during the immediate pre-ictal activity (Truccolo et al. 2011). Indeed, pre-ictal 
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vascular reactivity was first theorized (mistakenly at the time) to be the 
etiology for seizure activity as early as 1933 [44]. More recent studies have 
demonstrated increases in lobar perfusion as early as 20 minutes before focal 
as well as generalized spike-and-wave events [9]. Likewise, both increases [45] 
and decreases [46] in tissue oxygenation have been found tens of seconds 
before seizure onset using fMRI and NIRS. IOS imaging has also 
demonstrated focal pre-ictal changes in light reflection in animal models and 
in increases in CBV and decreases in hemoglobin oxygenation in human 
epileptic cortex almost 20 seconds before seizure onset [4]. However, this is 
the first report of active pre-ictal vasoconstriction surrounding an ictal focus. 
Another report of 2PEF imaging of blood flow in and around an epileptic 
focus used an interictal model and did not report decreases in blood flow in 
the surround but defined the surround as only > 1 mm from the focus, which 
may have been an inadequate distance [47]. Our data are consistent with a 
model of pre-ictal vasoconstriction in the cortex surrounding the ictal focus as 
crucial for initiating seizure onset. Since we did not perform electrical 
recordings from the surround, we cannot say if this pre-ictal vascular activity 
correlates with early decreases in neuronal activity. 
 Another hypothesis rests on the concept of anticipatory shunting of 
oxygenated blood to the ictal focus, possibly precipitated by a gradual build-
up of excitatory activity. A similar anticipatory increase in CBV has been 
demonstrated prior to normal cortical processing in visual cortex, the 
mechanism of which is unknown [48]. However, if the pial arterioles we are 
imaging around the focus provide blood flow to the focus itself, we would 
expect a decrease in flow in the focus, which we do not find. Alternatively, the 
pial arterioles in the surround may only control very local blood flow and 
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have no influence on blood flow in the focus. This would imply that there is a 
transient decrease in metabolism in the surround before the seizure begins 
followed by an increase in metabolism in the focus, however, we did not find 
any pre-ictal changes in metabolism using AFI and direct tissue 
measurements, although slight metabolic changes may be below the 
resolution of our techniques. Finally, there is the more controversial and less 
likely possibility that the hemodynamic events are primary and the 
electrographic events secondary. This hypothesis has been raised for both 
epileptic activity [49] and normal cortical processing [50] whereby 
hemodynamic fluctuations alter the gain of normal cortical processing 
through delivery of blood borne messengers and thermal and mechanical 
modulation of neurons thereby precipitating neuronal activation. Along this 
line of argument, pre-ictal vasoconstriction would shunt oxygenated blood to 
the focus, which would then facilitate or directly cause ictal onset. At this 
time, the mechanistic details of pre-ictal surround vasoconstriction remain 
unknown. However, the phenomenon may be useful in triggering closed loop 
abortive therapies and may provide a novel target for therapeutic modulation, 
although significant pre-clinical work would be required to confirm these 
events in humans and develop miniaturized implantable devices capable of 
detecting them. 
 
Ictal metabolism in the focus and surround. In spite of the discovery of pre-
ictal surround vasoconstriction, we did not find any evidence of significant 
pre-ictal alterations in metabolism in either the focus or the surround. Not 
surprisingly, a clear increase in metabolism was found in the focus. The 
sustained increase in metabolism in the ictal focus is consistent with prior 
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work using either autoradiography or PET. Although human PET studies 
show interictal hypometabolism [51], intense interictal activity causes focal 
hypermetabolism with surround hypometabolism [52]. Ictal events, on the 
other hand, always show increases in glucose and oxygen metabolism in the 
focus [14]. Although AFI imaging has been used extensively to map normal 
sensory processing [28,29,32], only one prior report exists of AFI imaging of 
epilepsy [53]. In this study, there was no concurrent electrophysiology and the 
AFI signal occurred ~75 seconds after audiogenic stimulation, rendering the 
source of the signals ambiguous. In this paper, we show for the first time that 
AFI signals are exquisitely sensitive to the ictal onset during the “light” phase 
of imaging as early as 0-2 seconds after ictal onset. Hence, AFI imaging may 
be a useful technique for localizing epileptic seizures possibly providing a 
map for therapeutic intervention that may be more focal than CBV or 
hemoglobin oxygenation maps derived from the IOS.  
 Metabolism in the surround of an ictal focus has not been well-studied. 
Our results provide direct evidence of a drop in tissue metabolism 
surrounding the ictal focus, which is consistent with the existence of neuronal 
inhibition in these areas and consistent with in vivo models of “feed-forward” 
or “veto” inhibition shaping the epileptic wavefront as it propagates [11]. 
Decreased AFI fluorescence in areas of cortex surrounding areas of focal 
activation have been correlated with neuronal inhibition in the cerebellum 
[25]. However, AFI imaging of surround metabolism has not yet been 
reported in the neocortex. Additional evidence for this finding arises from the 
direct calculations of CMRO2 using Gjedde’s method. However, using this 
technique, in a subset of animals, we found a transient rise in metabolism in 
the surround, followed by a longer-lasting decrease. One possibility is that 
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AFI samples large areas in space simultaneously where Gjedde’s method is 
limited by only sampling individual points in space. Another possible 
explanation is the situation where an unusually large burst of inhibitory 
interneurons in the surround causes an increase in metabolism that outweighs 
the decrease in metabolism in the adjacent pyramidal cells for a short period 
of time, causing a transient increase in metabolism. Nevertheless, an 
association occurs between metabolism and blood flow in the ictal surround 
as the seizure evolves. 
 In summary, we have identified a novel pre-ictal vascular phenomenon, 
namely surround vasoconstriction. Although the precise etiology of this event 
is unclear, a transient rise in pre-ictal inhibition, which serves to increase 
synchronization, is a possible candidate. We have also shown that AFI 
imaging, particularly during the early “light” phase, is useful at mapping the 
ictal onset zone and its clinical applications should be explored as has been 
done with optical imaging of intrinsic signals [4]. Finally, we find support for 
a center-surround dynamic at play in ictal propagation, lending further 
support for surround inhibition in shaping the evolving ictal wavefront. 
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Chapter 6 
Laser cuts in rat cortex 
 This chapter presents a method to produce sub-surface cortical cuts in the 
brain of a live, anesthetized rodent. We characterize the cut width and 
maximum cutting depth as a function of laser energy. Quantification of the 
data allowed us to develop a model that allowed for future predictions of cut 
widths for a given laser energy and tissue depth. This technique is later 
employed in studies to halt seizure propagation (presented in Chapter 7).  
 
This work is published in Lasers in Surgery and Medicine. The citation is: 
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2011. 
 
6.1 Sub-surface targeting of biological structures 
 Tools that enable the disruption of targeted structures in the bulk of a 
biological tissue without affecting the overlying structures or causing 
collateral damage outside the targeted volume could open the door to new 
surgical procedures. Radio-frequency and ultrasound ablation enable sub-
surface incisions, but have a spatial precision of centimeters to millimeters, 
respectively [1,2]. Mechanical tools, such as scalpels, can achieve higher 
cutting precision, but incisions must start at a tissue surface. What is lacking is 
a technique that provides spatial precision comparable to or better than a 
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mechanical scalpel, with the ability to disrupt sub-surface structures and 
preserve the overlying tissue. 
 Nonlinear optical absorption can enable fine-scale, sub-surface disruption 
in biological tissue. In most biological samples, linear absorption of near-
infrared light is weak, so this light can penetrate deeply into the tissue. 
Focusing femtosecond-duration pulses of near-infared light at high numerical 
aperture into the bulk of the tissue produces high intensities that can drive 
nonlinear absorption of the laser energy in the focal volume. Multiphoton and 
tunneling ionization produce initial ionized electrons which then linearly 
absorb laser energy and impact ionize other electrons, a process called 
avalanche ionization [3]. When using lower energy pulses from high-
repetition rate laser sources in the MHz range, tissue damage from this 
nonlinear absorption is likely dominated by cumulative photochemical 
damage [4] and heat accumulation [5]. In contrast, when using higher energy 
pulses from lower repetition rate laser sources of around 1 kHz, damage is 
largely driven by vaporization of tissue components in the focal volume and 
subsequent mechanical effects, such as cavitation [4,6]. In this regime, 
sufficient ionization occurs to cause optical breakdown and plasma formation, 
vaporizing material in the focal volume. The subsequent expansion of the 
vaporized material leads to the formation of a cavitation bubble and the 
launch of a propagating pressure wave [4,7]. The maximal expansion of this 
cavitation bubble determines the volume of tissue that is disrupted. In both of 
these regimes, because nonlinear absorption of the laser energy is localized 
within the focal volume, tissue disruption can be confined to micrometer-sized 
volumes, while leaving the surrounding tissue intact.  
 Several studies have used femtosecond laser ablation to disrupt biological 
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structures in a variety of in vitro preparations and in vivo animal experiments, 
as well as in humans. Single chromosomes in human cells have been 
dissected, providing a technique for noninvasive gene inactivation [8] and 
single cell and sub-cellular disruptions permitted studies that elucidated the 
functional neural architecture [9] and mechanisms of neural regeneration [10] 
in C. elegans. Ablation of single cells in drosophila embryos was used to study 
the role of mechanical forces in development [11], while targeting of sub-
cellular structures, such as cytoskeletal filaments, in live cells provided insight 
into the regulation of mechanical stiffness [12,13]. Additionally, femtosecond 
laser pulses have been used to selectively perforate cellular membranes for 
DNA transfection [14,15]. Femtosecond lasers are now also routinely used to 
produce sub-surface cuts in cornea as a means to produce the “flap” necessary 
for laser-assisted in situ keratomileusis for vision correction surgery [16]. In all 
these examples, the samples are almost completely transparent and have little 
to no optical scattering, making the delivery of focused femtosecond pulses to 
sub-surface regions relatively straightforward. As long as there is not strong 
linear absorption of the light, however, this approach to producing sub-
surface disruption should also be feasible in scattering tissues. Scattered light 
cannot contribute to nonlinear absorption and has minimal effects on the 
tissue, so the laser energy incident on the sample can be increased to 
compensate for scattering losses and deliver the necessary energy to the focus 
to cause optical breakdown in the depth of the tissue. For example, previous 
work has show it is possible to produce sub-surface ablation in keratinized 
corneal and scleral tissue, where the tissue is optically scattering [17]. 
Additionally, rodent models of small stroke have been developed using 
femtosecond laser ablation to trigger clotting in individually targeted, cortical 
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blood vessels that are located several hundred micrometers in the depth of 
scattering brain tissue [18]. In other work, individual dendrites were cut from 
pyramidal neurons in live mouse brain, illustrating the precision possible with 
femtosecond laser ablation, even in scattering tissue [19].  
 Here, we used tightly-focused femtosecond pulses as a light scalpel to 
make sub-surface incisions in in vivo rodent brain, a scattering biological 
tissue. We demonstrated our ability to produce sub-surface cuts by ablating 
the cortex in the rostral-caudal direction. We then produced vertical cuts to 
determine cut width and maximum achievable ablation depth as a function of 
laser energy. We used these results to construct a phenomenological model 
that predicts the laser energy that should be chosen to achieve a given cut size 
at a given cortical depth. Overall, we describe a technique that allows ablation 
of biological structures that lie below the surface of a scattering tissue with 
cell-level precision. 
 
6.2 Experimental methods 
 Data were acquired from seven male Sprague-Dawley rats (275-350g). Two 
rats were used to produce sub-surface, horizontal ablations at constant depths 
with fixed laser energy (Figures 6.1 and 6.2). The remaining rats were used to 
study depth-dependent cut width and maximum ablation depth as a function 
of laser energy (Figures 6.3-6.6). Refer to Chapter 3.5 for general surgical 
procedures and optical setup 
 
2PEF microscopy. High resolution, 2PEF images were obtained to 
demonstrate sub-surface cuts (Figure 6.1B and 6.7). Large 2PEF surface 
vasculature maps were obtained to help locate vertical cuts that were used to 
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determine the cut width and depth dependence on laser energy (Figure 6.3B). 
 
Femtosecond laser sub-surface ablation. To make cuts, the animal was 
translated at 50 µm/s either horizontally or vertically relative to the cortex 
surface, depending on the study, while continuously irradiating with the 1-
kHz pulse train. At this translation speed, approximately 20 pulses are 
deposited in each volume along the cut. For horizontal cuts, translation 
occurred at constant depth (Figure 6.1A and 6.2). For vertical cuts (Figure 
6.3A), laser light was focused more than 1 mm into the cortex, and the animal 
was vertically translated until the focus neared the surface of the brain. For 
vertical cuts, about 15-20 cuts were placed in each animal in an irregular grid 
that avoided large blood vessels using laser energies of 0.3, 5, and 13 µJ 
(Figure 6.3B). At the two higher energies, irradiation was halted about 200 µm 
below the brain surface to prevent rupturing of large surface vessels. 
 
Post-mortem histology. At the conclusion of each experiment, animals were 
euthanized and were perfused with 100 ml PBS followed by 100 ml 4% 
(wt/vol) paraformaldehyde in PBS. Brains were extracted and post-fixed in 
4% paraformaldehyde for at least 24 hours. Brains were then cryoprotected 
using 25% (wt/vol) sucrose in PBS followed by 50% sucrose in PBS [20]. Prior 
to cryosectioning, fiducial marks were placed at the edges of the cranial 
window to help map and locate cuts. The brain was then embedded in a 
cryomold with Optimal Cutting Temperature Compound (O.C.T. Compound, 
Tissue-Tek), frozen in dry ice, and cut into 20-µm thick coronal sections on a 
cryostat (HM 505 E, Microm). Slices were stained with 3,3'-diaminobenzidine 
(DAB) to detect red blood cells as well as hematoxylin and eosin (H&E) to 
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view tissue structure. 
 
Vertical cut measurement and data analysis. Slides were imaged and 
examined using an upright microscope (BX41 with DP70 camera; Olympus). 
Coronal sections gave cross-sectional views of cone-shaped, red blood cell-
filled cuts. The fiduciary marks and the in vivo two photon images were used 
as guides to help identify specific laser cuts observed in serial brain slices 
(Figures 6.3B and 6.3C). For each tissue section that contained a specific cut the 
width was measured as a function of depth, and this was repeated for every 
cut. At each depth beneath the cortical surface, the largest width for each 
specific cut found across all sections that included that cut was used for data 
analysis. This ensured that the width of the cut was measured at the widest 
point at each depth. At higher laser energies, cut widths were measured in 
100-µm depth increments. Additionally, the maximum cut depth was 
recorded for each cut. Cut width as a function of depth for each laser energy 
and the maximum cut depth as a function of laser energy were fitted to 
quantify trends. For statistical analysis, means were calculated for each binned 
group as well a 95% confidence interval (CI) about the mean.   
 
Dissection of neuronal dendrites in a transgenic mouse. We used a 31-g, 
male, transgenic mouse that expressed yellow fluorescent protein (YFP) in a 
subset of pyramidal neurons (C57B/6-thy1-YFPH, Jackson Labs) [21] to 
evaluate structural changes following transections of neural processes using 
femtosecond laser ablation. The dendritic projections of excitatory pyramidal 
neurons are imaged in the supragranular layers of the cortex in this mouse 
line (Figure 6.7A). Surgical methods were similar to those described above, 
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with slight modifications. The mouse was anesthetized with 5% inhaled 
isofluorane, and maintained at approximately 1.25%. We performed a bilateral 
craniotomy that was sealed with a glass coverslip, leaving the dura intact. To 
visualize the vasculature, we performed a retro-orbital injection of ~0.4 ml of 
2.5% (wt/vol) Texas Red-conjugated dextran (D-1830; Invitrogen) in saline. A 
1-mm long medial-lateral cut was produced at a depth of 70 µm with an 
incident laser energy of ~0.2 µJ in parietal cortex (Figure 6.7). 
 
6.3 Results 
  We demonstrated the use of femtosecond laser ablation to produce sub-
surface cuts in the cortex of live, anesthetized rodents. 2PEF microscopy was 
used to monitor cutting in real-time in vivo. The cuts were quantified through 
histological analyses of brain slices. Cut width and maximum achievable 
ablation depth were measured as a function of laser energy.  
 
6.3.1 Localized cuts below the brain surface  
  Two-photon imaging was used to image before, during, and after a sub-
surface femtosecond laser cut was produced in the rostral-caudal direction 
through the cortex of an anesthetized rat with a craniotomy (Figure 6.1A). 
Projections of 2PEF image stacks showed that the surface vasculature (labeled 
with intravenously injected fluorescein-dextran) was maintained after a 
horizontal laser cut (Figure 6.1B, left). The cut was apparent as a ~75-µm wide 
fluorescent band in the depth of the tissue, not seen in the baseline image 
(Figure 6.1B, middle). This band was due to fluorescently labeled blood 
plasma that leaked from the transiently ruptured capillaries that were located 
along the path of the sub-surface cut. A y-z projection of the vasculature 
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Figure 6.1 Sub-surface cuts in rat cortex in vivo A) Sub-surface cuts were 
produced by tightly focusing high-energy, femtosecond laser pulses into the 
cortex of a live, anesthetized rat, through a craniotomy and translating the rat 
in the horizontal direction at a constant depth. B) Average projections of two-
photon image stacks of fluorescently labeled cortical vasculature at baseline 
(top) and after laser cut (bottom). Corner schematics indicate direction and 
volume of projections. The cut was produced with 4.5-µJ laser pulse energy, 
focused to a depth of approximately 350 µm. Centered around the cut is an 
approximately 75-µm band of labeled blood plasma from capillaries ruptured 
during the cutting (middle, bottom). The post-cut images were acquired 
approximately five minutes after the cut was produced. 
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showed that the cut was confined to a volume below the surface of the brain, 
with the tissue above still intact (Figure 6.1B, right). 
  Histological studies confirmed our ability to produce sub-surface cuts with 
micrometer precision in the rat cortex. Red blood cells (stained by DAB) were 
evident in the tissue, confirming that there was some bleeding into the laser 
cut (Figure 6.2A). The width of cuts depended on the laser energy and depth 
below the cortical surface. In the example of Figure 6.2A, three cuts were 
made with a laser energy of 0.5 µJ near the brain surface that served as guides 
to help identify a deeper, smaller cortical cut generated with an energy of 3 µJ. 
Although the laser energy used for the deeper cut was higher compared to the 
energy used for the shallower cuts, the cut size was smaller due to exponential 
decay of laser energy as light was focused deeper into the optically scattering 
brain tissue. A higher magnification view of the 700-µm deep cut showed a 25-
µm cut size and an accumulation of red blood cells in the ablated area (Figure 
6.2B). Because the capillary density is high in the cortex, we found that laser 
cuts always ruptured enough capillaries to fill the cylinder-shaped ablated 
volume with red blood cells. Hematoxylin and eosin staining was used to 
inspect the surrounding tissue, which appeared intact with very little to no 
cellular pathology outside the deeper laser cut (Figure 6.2B). The larger, 
shallower cuts showed some hematoxylin destaining in a band around the cut, 
suggesting cells around the cut volume were damaged when a laser energy 
that was high for the depth beneath the surface was used.  
 
6.3.2 Cut width and depth dependence on laser energy 
  To determine dependence of the cut width on cortical depth and laser 
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Figure 6.2 H&E and DAB stained brain slices with sub-surface cuts. A) H&E 
and DAB (for red blood cells) stained 20-µm thick coronal brain slice with sub-
surface ablations. Three cuts, produced approximately 300 µm below the 
surface of the brain with 0.5-µJ laser energy, serve as markers to identify a 
single cut made at approximately 700 µm below the brain surface with 3-µJ 
laser energy. B) Higher magnification view of the deeper cut from panel A 
(boxed). 
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energy as well as the dependence of the maximum ablation depth on laser 
energy, we produced vertical cuts using different laser energies and analyzed 
the size of the cuts as a function of depth with histology (Figure 6.3A). The 
location of individual cuts were noted on 2PEF images of the surface 
vasculature (Figure 6.3B) and were mapped to the damage tracts observed in 
H&E and DAB stained coronal histological sections (Figure 6.3C). 
  We found that for fixed laser energy, the cut width increased as the laser 
focus was vertically translated from deeper to shallower in the cortex (Figures 
6.4A-6.4C). For each cut, the width was measured as a function of depth, with 
the cut width taken to be the maximum width across all serial slices 
containing a given cut at a particular depth. We found that for all energies, cut 
widths decreased exponentially with increasing depths. For example, at laser 
energy of 13 µJ, widths decreased from 158 µm ± 43.1 (mean ± standard 
deviation) to 56 µm ± 33 for depths of 200 to 800 µm, respectively. Averaging 
across all cuts, we found about 50% variation in cut width at a fixed depth and 
laser energy. Because the maximal extent of the tissue disruption should 
depend on the maximal size the laser-produced cavitation bubble reaches, the 
volume of the tissue disrupted should scale approximately linearly with the 
laser energy deposited into the focal region by nonlinear absorption [4]. For 
pulse energies above the breakdown threshold, the fraction of the pulse 
energy that is deposited by nonlinear absorption increases slowly with pulse 
energy [3]. Thus the width of the laser cut should scale as the cube root of the 
laser energy that reaches the focus unscattered, which is an exponential 
function of depth beneath the cortical surface. We thus fit the measured cut 
width, w, as a function of depth, d, for multiple cuts at each laser energy to  
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Figure 6.3 Vertical cuts are identified with stained serial slices A) Schematic 
of vertical sub-surface ablation. High intensity, femtosecond laser pulses were 
tightly focused into the brain through a craniotomy, and cuts were made by 
vertically translating the animal, starting deep within the cortex. B) In vivo 
two-photon image of fluorescently labeled surface vasculature. Yellow dots 
represent locations where sub-surface cuts were produced. Red lines 
correspond to histological brain slices in (c). The brain was sliced at a tilt due 
to the angled mounting of the brain on the cryostat. R: rostral, C: caudal, M: 
medial, L: lateral. C) Serial images of every fourth 20-µm thick brain slice 
stained with H&E and DAB. Cuts labeled one, two, and three correspond to 
labeled cut locations in (b). Slices one through three reveal the beginning, 
middle, and end cross-section views of the damage caused by cuts one and 
two. Slice three shows a beginning cross-section view of cut three, with a 
middle cross-section view in slice four. 
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Figure 6.4 Cut width dependence on laser energy. Cut width decreases 
exponentially with depth beneath the cortical surface at laser energies of A) 
0.3, B) 5 and C) 13 µJ, with fits to Eq. 6.1 (68 cuts across 5 rats). Each shape 
represents an individual data point. Within all plots, grey boxes represent 95% 
confidence intervals about the mean, indicated by the horizontal black line. 
Black trend lines are respective fits for each data set. 
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(Eq. 6.1) 
 
where C is a pre-factor that depends on hydrostatic and vapor pressures and 
on laser energy, as described by Vogel, et al. [22] (Figures 6.4A-6.4C). The 
scattering length, ls, in brain for 800-nm light was taken to be 175 µm [23]. 
These exponential fits generated pre-factor values of approximately 61, 167, 
and 235 µm for laser energies 0.3, 5.0 and 13.0 µJ, respectively (Figure 6.5). The 
pre-factors scaled as the cube root of laser energy, consist with the idea that a 
roughly constant fraction of the laser pulse energy is deposited into the 
sample by nonlinear absorption over this range of laser energy. We find that 
 
(Eq. 6.2) 
 
where E is the incident laser energy (Figure 6.5). Eqs. 6.1 and 6.2 provide a 
quantitative formula to predict cut width as a function of laser energy and 
depth within cortex.  
  The maximum depth where laser damage was observed was characterized 
for each cut (Figure 6.6). Ablation will occur as long as the laser energy 
exceeds the threshold energy for optical breakdown in brain, Eth, so the 
maximum achievable ablation depth, dmax, increases logarithmically with laser 
energy as  
 
(Eq. 6.3) 
 
Fitting to our experimental data gave a threshold energy of approximately 130 
nJ, which corresponds to a fluence of 90 J/cm2, assuming diffraction-limited 
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Figure 6.5 The C prefactor. The prefactor in the exponential fits (from Figure 
6.4) is proportional to cube root of the laser energy (Eq. 6.2). Grey boxes 
represent 95% confidence intervals about the mean, indicated by the 
horizontal black line. 
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Figure 6.6 Dependence of maximum ablation depth on laser energy. 
Maximum cut depth increases logarithmically with laser energy (Eq. 6.3). Each shape 
represents an individual data point. Grey boxes represent 95% confidence 
intervals about the mean, indicated by the horizontal black line. 
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focusing (Figure 6.6). This likely significantly overestimates the threshold 
fluence, as the focusing was unlikely to be diffraction limited deep inside the 
heterogenous, scattering brain tissue.  
 
6.3.3 Femtosecond laser cutting of neuronal dendrites 
 We produced sub-surface horizontal cuts in the brain of a live, 
anesthetized mouse that expressed YFP in a subset of pyramidal neurons and 
imaged the effect on cortical dendrites using 2PEF microscopy. The cuts were 
placed approximately 70 µm beneath the brain surface and transected the 
dendritic projections of the pyramidal cells (Figure 6.7). Dendrites and blood 
vessels above the targeted depth were unaffected (Figures 6.7A-D), while cut 
dendrites and bleeding from ruptured capillaries was observed in the plane of 
the cut (Figure 6.7E-H). Although the dendrites and vessels above the cut are 
intact, leaked plasma caused by the shallow cut was observed (Figure 6.7D). 
Dendrites immediately outside the ablated volume did not show signs of 
degeneration or blebbing characteristic of acute cellular injury (Figure 6.7G). 
 
6.4 Discussion 
  We demonstrated the ability to produce localized, micrometer-scale, sub-
surface cuts in rodent cortex using high-energy, tightly-focused, femtosecond 
laser pulses. We measured the cut width as a function of depth in the tissue 
and the incident laser energy as well as the maximum achievable cutting 
depth as a function of energy. We showed that the cut width decreases 
exponentially with depth and increases as the cube root of the laser energy, 
while the maximum achievable cut depth increases logarithmically with laser 
energy. Overall, our results establish the capability of femtosecond laser 
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Figure 6.7 Femtosecond laser ablation of neural dendrites in vivo. Images 
were obtained from a transgenic mouse that expressed YFP in pyramidal 
neurons and their dendritic arbors (green). A retro-orbital injection of Texas 
red-dextran was used to fluorescently label the vasculature (red). Baseline 
images of dendrites (A and E) and merged images of both dendrites and 
capillaries (B and F) located 20 µm below the brain surface (A and B) and at 
the cutting depth of 70 µm (E and F). A cut was produced with incident laser 
energy of approximately 0.2 µJ that was translated through the cortex at 50 
µm/s. Dendrites and blood vessels above the cut (C and D) remained 
unaffected while dendrites were cut and blood vessels were ruptured at the 
cutting depth (G and H). Post-cut images were acquired approximately five 
minutes after the cut was produced. 
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ablation to produce disruption beneath the surface of optically scattering 
tissue. In addition our work provides a phenomenological guide to what laser 
energy should be chosen to produce a cut of specified width at a particular 
cortical depth (Eqs. 6.1 and 6.2), and what ablation depths can be achieved 
(Eq. 6.3).  
 The width of the laser cuts varied by about 50% at fixed laser energy and 
depth. Such variations were likely due to heterogeneity in the vasculature on 
the surface of the cortex through which the laser beam passed. For example, a 
large vessel that partially obscures the path of the focused laser beam will 
attenuate some of the laser energy, due to light absorption and strong 
scattering by red blood cells [24]. This will reduce the amount of light that 
reaches the focus, thereby decreasing the size of the cut that is produced. 
 The maximal achievable ablation depth is ultimately limited by optical 
scattering. Linear absorption of the laser light could also play a role, but the 
only significant chromophore in the brain for 800-nm light is the hemoglobin 
in the red blood cells. The vasculature occupies about 6% of the cortical 
volume [25], yielding an absorption length of approximately 8 cm, assuming 
uniformly distributed blood vessels, filled with 2-mM hemoglobin, in tissue 
with the absorption of water [26,27]. This absorption length is significantly 
longer than the 175-µm scattering length, so the effects of linear absorption can 
effectively be ignored, except for the locally strong absorption (and scattering) 
from large surface blood vessels that was noted above as a potential source of 
cut heterogenity.  
  As the focus penetrates deeper into the tissue the laser power must be 
increased exponentially to compensate for the scattering loss and maintain 
enough intensity at the focus to cause optical breakdown. On the other hand, 
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the increase in intensity at depth compared to the surface due to focusing is 
only a power law with focusing depth. Thus, in order to maintain the same 
intensity at the laser focus with increasing depth, there is an increase in the 
intensity at the surface. Eventually, a depth is reached where the intensity at 
the focus is less than the intensity at the surface of the tissue. At this point, 
nonlinear absorption will occur at the surface rather than at the focus, 
prohibiting ablation in the depth. To ensure that ablation is occurring at the 
focus, the probability of nonlinear absorption at the focus, Pfocus, must be 
greater than the probability of absorption at the surface, Psurface, giving the 
condition 
 
(Eq. 6.4) 
 
where I is the laser intensity, V is the volume, and N is the number of photons 
which must be simultaneously absorbed to ionize an electron. We 
approximate the focal volume as a cylinder with diffraction-limited 
dimensions. Following the analysis of Theer, et al., we take the volume for 
nonlinear absorption at the surface to be a product of the beam cross section at 
the surface (Asurface = #z2(NA)2/n2) and the scattering length, as the probability 
of out-of-focus nonlinear absorption will drop dramatically with increasing 
depth below the surface due to light scattering [28]. This yields 
 
(Eq. 6.5) 
 
where NA is the numerical aperture of the objective lens, z is the depth of the 
laser focus beneath the cortical surface, and λ is the wavelength of the light. 
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Breakdown thresholds of biological specimens have been shown to be similar 
to water [29]. Therefore we assume that for for optical breakdown to occur, the 
nonlinear absorption of photons must overcome the 6.5-eV bandgap of water. 
At 800-nm, with a photon energy of 1.56 eV, at least N = 5 photons must be 
simultaneously absorbed in order to overcome the energy bandgap. We 
assume that these initial seed electrons, generated by multiphoton absorption, 
can then facilitate avalanche ionization that leads to optical breakdown and 
damage [4]. In our case, we use an objective lens with an NA of 0.95, an index 
of refraction of 1.33, an 800-nm wavelength, and a scattering length of 175 μm, 
which gives a maximum ablation depth of 2.1 mm. In our experimental work, 
we achieved a maximum ablation depth of about 1 mm beneath the cortical 
surface using 13-µJ laser pulse energy, and thus did not reach this 
fundamental limit, but were rather limited by the maximum laser energy we 
used (and the 2-mm working distance of the objective). We did not observe 
ablation at the sample surface even with the highest energy, supporting the 
idea that deeper ablation could be achieved with higher laser energy. Using 
longer laser wavelengths could likely extend the maximum ablation depth 
even further. At 1300-nm wavelength, the scattering length is longer by about 
a factor of two in brain [30], but water absorption has not yet become 
significant. Using this wavelength would increase the maximum achievable 
ablation depth predicted by Eqs. 6.4 and 6.5 to 4.8 mm, assuming N = 7. This 
analysis neglects the role of tunneling ionization in producing the initial 
electrons that seed avalanche ionization and treats the initial electron 
generation as a pure multiphoton absorption process [3]. For the high-order 
multiphoton ionization considered here, this assumption likely 
underestimates the nonlinear ionization rate and therefore somewhat 
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overestimates the maximal possible ablation depth.  
  In the sub-surface incisions we produced, capillaries were ruptured, 
pushing red blood cells and plasma into the brain tissue. This bleeding could 
trigger inflammatory responses and previous work has suggested that blood 
products can be epileptogenic [31]. The rupturing of capillaries could be 
avoided by turning off the cutting laser with a mechanical shutter when the 
laser focus reaches a vessel. This could be achieved, for example, by detecting 
2PEF of intravenously injected fluorescein-dextran generated by a lower 
intensity femtosecond laser focused just ahead of the cutting laser.    
  With the ability to produce minimal collateral damage, femtosecond laser 
ablation is an ideal tool for fine-scale surgery. In addition to sub-surface tissue 
disruption in non-scattering tissue for ophthalmic surgery [16], femtosecond 
ablation has also been investigated for surface ablation of tissues, such as teeth 
and ear [32], showcasing its potential in the clinical setting. We have 
demonstrated the ability to cut sub-surface, cortical dendrites in optically-
scattering brain tissue in live, anesthetized rodents. This capability may open 
the door for the use of femtosecond laser ablation in the neurosurgical field. 
One exciting opportunity is in the treatment of focal cortical epilepsy, where 
this sub-surface laser ablation technique provides a potential path to stop 
seizures from starting or spreading without damaging the brain’s ability to 
process information. Because seizures spread horizontally through the brain, 
while much of normal information processing is associated with vertical 
connections in the brain, making cuts that encircle regions of the brain where 
seizures start could prevent the seizure from reaching other parts of the brain 
while minimally affecting the connections more responsible for normal 
function. Indeed, a mechanically-based implementation of this surgical 
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therapy, called multiple subpial transections, has been used to treat human 
epilepsy. In this method, a small hook wire is used to produce full cortical 
thickness cuts with 5-mm spacing within the epileptic focus [33]. The 
technique is crude and results have been mixed, in large part due to extensive 
collateral damage [34,35]. Multiple small optical transactions could be more 
effective. In addition to blocking propagation of seizures, isolating 
microcolumns of epileptic cortex could prevent the coalescence of 
microseizures into a symptomatic seizure, again with minimal damage to 
vertical cortical connections [36]. Because this optical ablation technique 
provides extremely high cutting precision, collateral effects on surrounding 
tissue would be minimal, resulting in a better preservation of normal function 
and leading to improved patient outcomes as compared to current surgical 
approaches for epilepsy treatment. 
  Overall, our work utilizes nonlinear optical techniques to produce 
micrometer-scale incisions in the cortex of live, anesthetized rodents. While 
laser-based therapies in the neurosurgical field have been attempted for 
decades [37], the precision and sub-surface targeting achieved here were not 
possible with previous approaches. Additionally, our nonlinear techniques 
produce significantly less collateral damage than previous techniques that 
relied on linear absorption. We recognize that not all neurosurgical 
procedures will require such fine-scale tissue disruption, but for surgical 
procedures that do require such high precision and sub-surface targeting, 
femtosecond laser ablation provides an attractive approach.  
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Chapter 7 
Halting seizure propagation with a laser scalpel 
 This chapter discusses ongoing work, as of July 2011, in which we are 
trying to stop seizure propagation with our femtosecond laser cutting 
technique. This work is in collaboration with Ted Schwartz, a neurosurgeon at 
Cornell Weill Medical College. Nozomi Nishimura, Mingrui Zhao, and myself 
performed our first cutting experiment. The initial box cutting experiments 
were conducted with Mingrui and more recent data has been compiled with 
the assistance of an undergraduate, Robert Fetcho. 
 
7.1 Focal seizures and multiple sub-pial transections 
 Epilepsy is a neurological disorder characterized by the chronic recurrence 
of seizures. This neurological disorder manifests itself when a population of 
cortical neurons fire in a rhythmic, hypersynchronous pattern and the 
generation of this behavior is fundamentally caused by an imbalance between 
excitatory and inhibitory activity [1]. Epilepsy types can be categorized into 
two major groups, which depend on the seizure onset location [2]. In 
generalized epilepsy, the seizure onset involves large areas of the brain, and is 
mostly associated with biochemical abnormalities [3]. As a result, 
pharmacological treatments, such as antiepileptic drugs (AED), are usually 
successful in treating this type of epilepsy. In contrast, partial, or focal, 
epilepsy is characterized by seizure onsets that initiate in a localized, discrete 
region of the cortex, and are usually associated with tissue malformations that 
are often cured with surgical treatment. 
 For most epileptic patients, AED therapies are often successful in 
controlling seizure activity. However, approximately 20% of epileptic patients 
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are medically intractable [4], leaving surgery as a last option, and is most 
effective in patients who suffer from partial epilepsy. The evolution of a 
seizure consists of three phases: initiation, propagation, and termination [5], 
and surgical intervention is aimed at either stopping the initiation altogether 
or halting propagation. Resective surgery involves the removal of brain tissue, 
and aims at stopping seizure initiation. However, because the neocortex is 
responsible for essential human behaviors, resective surgery can lead to the 
risk functional detriments.  
 Recent studies have observed that microseizures coalesce into clinically 
detectable macroseizures, suggesting that microdomains are recruited to 
initiate seizures [6] that propagate along cortical layers [7]. Additionally, it has 
been long known that neocortical processing occurs in microcolumns that are 
vertically organized [8]. The development of a new surgical procedure, 
multiple subpial transections (MST), aims to take advantage of the cortical 
arrangement by disrupting horizontal neural connections, while preserving 
vertical circuitry needed for processing information [9]. In this procedure, 5-
mm spaced incisions start at the surface of the brain and span the entire 
cortical tissue (Figure 7.1). However, this current technique is somewhat 
crude, as it requires the use of a small, blunt hook to tear the cortical tissue 
and disrupt the neural connections [9-11]. Histological analyses of human 
brain tissue after the procedure noted significant pyknosis and edema 
surrounding the transections [10]. While this procedure has resulted in 
improved [11,12] and seizure-free [9,13] patients, it has also led to acute [14] 
and long-term [15] neurological disorders. Much of this variation can be 
attributed to biological differences, but also can be due to procedural 
inconsistencies, since the incisions are produced in an unsophisticated 
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Figure 7.1 Multiple subpial transections. A) Volumetric representation of 
sub-pial cuts made into the brain tissue using a steel wire. B) Cross-sectional 
view of the cuts. Sup-pial transections are spaced approximately 5 mm apart. 
Because of the innate architecture of the brain tissue, some cuts span the entire 
cortex, while others are limited to the superficial layers. Reprinted with 
permission from [10]. 
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manner. 
 In this study, we use a laser-based technique to produce sub-surface 
incisions in cortical tissue, in an attempt to halt seizure propagation. Near-
infrared light is weakly absorbed by brain tissue [16]. However, tightly 
focusing a near infrared, femtosecond laser pulse into the bulk of brain tissue 
can produce extremely high intensities at the focus and can lead to tissue 
disruption [17]. Because this process is highly nonlinear, absorption of the 
laser energy can only occur at the focus where the intensity is the highest, 
resulting in laser ablation that can be confined to the focal volume [18]. With 
this technique, it is possible to transect deep layers of the cortex with 
micrometer precision [19], essentially providing a laser scalpel that can bypass 
overlying tissue. Here we show that producing sub-surface box incisions deep 
within the cortex can stop seizure propagation and present a potential new 
therapy for focally initiated cortical seizures. 
 
7.2 Experimental methods 
 Refer to Chapter 3.5 for general surgical procedures and optical setup. We 
initially performed experiments in which we recorded electrophysiology and 
produced laser cuts under the microscope. In later experiments, multiple fully 
enclosed box cuts were first produced. After cuts were made, the animal was 
taken back into the surgery room to record electrophysiology. 
 
Femtosecond laser cuts. For the initial cutting experiments (Figure 7.4), cuts 
were produced at a depth of 1200 µm and span up to a depth of 200 µm using 
laser energy of 20 µJ, with a translation speed of 50 µm/sec and a 50 µm cut 
separation.  
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 In the next set of experiments, we produce multiple 750 µm x 750 µm 
enclosed boxes at depths of 800 µm up to 150 µm below the brain surface 
(layers II-IV), with each cut separated by 10 µm (Figure 7.2A). Custom Matlab 
code was written to interface the translation stages, mechanical shutter (SH-10, 
Electro-Optical Products Corp.), and waveplate (05RP02-46, Newport Corp.). 
Box cut patterns were mapped on to two-photon images that were loaded into 
our custom software, which provided coordinates for cutting patterns. For 
each segment of the box, the translation stage would move at a speed of 50 
µm/s and the shutter would open and close accordingly. At constant incident 
laser energy, the intensity at the focus increases exponentially with decreasing 
depth. Therefore, a rotating waveplate was synced with the position of the z-
stage, to attenuate and maintain constant laser energy at the focus as the laser 
focus translated towards the brain surface.  
 
Mapping the surface vasculature. Two-photon images of the cortical 
vasculature were obtained to locate optimal locations for box cuts. Maps 
provide locations of large vessels (mainly large viens) that would affect the 
ability to produce fully enclosed cuts. For example, Figure 7.3 shows a two-
photon image of the fluorescently labeled surface vasculature and traversing 
across the image is a large vein. In this experiment, the box cuts were made 
just below the vein. 
 
Epileptogenesis. Seizures were induced by injecting a potassium channel 
blocker, 4-AP (Sigma), through a glass microelectrode. Approximately 0.5 µl 
of 25 mM concentration was injected using a Nanoject II (3-000-204, 
Drummond Scientific) at a depth of ~350 µm below the cortical surface. 
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Figure 7.2 Schematic of sub-surface box cuts and electrode placement. A) 
Multiple box cuts, 750 x 750 µm, are spaced by 10 µm and span the depths of 
800 to 150 µm. B) After the cuts are made, the animal is removed from the 
microscope to allow for electrode implantation. The 4-AP electrode in placed 
inside the box while the distant electrode is implanted outside the box. Both 
electrodes record electrophyisiology. 
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Figure 7.3 In vivo mapping of box cuts. Two photon image projections of the 
fluorescently vasculature at A) high and B) low magnification. Purple box 
represents the location of the box cuts. The red and blue dots represent the 4-
AP injection electrode and the distant electrode, respectively. 
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Seizure activity was easily distinguishable when compared to baseline 
activity. In most cases, seizure activity was preceded by a distinctive 
hyperpolarizing spike, followed by prolonged high frequency and high 
amplitude depolarizations (Figure 7.4B and 7.5) [20].  
 
Electrophysiology and data acquisition. After the cuts were produced, two 
electrodes were implanted into the cortex to inject 4-AP and record LFP. The 
electrode placed in the box was back-filled with 4-AP, allowing us to induce 
focal seizures inside the box and simultaneously record LFP. The second 
electrode, back-filled with saline, was placed outside the box, generally 1-2 
mm away from an edge of the box to record LFP (Figure 6.3B). Both electrodes 
were implanted using micromanipulators (MLN-33 and MMN-33, Narishige) 
to a depth of ~350 µm. 
 Generated local field potentials were amplified by 1000, and filtered with a 
low and high pass filter of 10 Hz and 1 kHz, respectively (ISO-80, World 
Precision Instruments). Signals were acquired at a rate of 2 kHz with an A/D 
DAQ board (DT9834 16-4-16, Data Translation) and written to a text file using 
custom Matlab (Mathworks) code. 
 Once both electrodes were implanted, a large custom-built Faraday cage 
was placed over the experimental setup to block out any potential interference 
from other RF signals. Baseline data was acquired for 5 minutes prior to 
injection of 4-AP. For most experiments, reliable seizures were sustained for 
approximately one hour. A small pool of ACSF was placed on the brain 
surface to prevent the tissue from drying. 
 
Data analysis and statistics. For propagation analysis, we determined 
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whether or not a seizure propagated to the distant electrode. In order for the 
activity to be classified as a seizure, it must possess epileptogenetic properties 
that were previously described (i.e. initial spike followed by prolonged high 
frequency, high amplitude spikes). Using the set criteria, we characterized the 
presence of seizure activity by performing binary analyses (Figure 7.8). For 
power analysis, time points for each seizure onset and termination were 
determined. The distinctive hyperpolarizing spike was used as the seizure 
initiation. Seizure termination was not as clear, and was determined as the 
point where large LFP spikes disappeared and electrophysiology returned to 
baseline. Seizure LFP signals, in the time period of interest, were squared and 
integrated over the time period, giving the total power of the seizure. The 
same analysis was performed on the LFP signals from the second electrode, 
with the same time frame. Comparison was conducted using a paired t-test 
(Figure 7.8). P-values less than 0.05 were considered significant.  
 
Post-mortem histology. At the conclusion of each experiment, animals were 
euthanized and were perfused with 150 ml PBS followed by 150 ml 4% 
(wt/vol) paraformaldehyde in PBS. Brains were extracted and post-fixed in 
4% paraformaldehyde for at least 24 hours. Brains were then cryoprotected 
using 30% (wt/vol) sucrose in PBS followed by 60% sucrose in PBS with 1% 
Triton X-100 (vol/vol) (T8787, Sigma), to help prevent shrinkage of the brain 
tissue [20, [21]]. For cryosectioning, the brain embedded in a cryomold with 
Optimal Cutting Temperature Compound (O.C.T. Compound, Tissue-Tek) 
and was allowed to freeze in the cryostat’s peltier. Brains were either cut 
coronally or transversely, into 30-µm thick sections with a cryostat (HM 550 
Microm, Thermo Scientific). Slices were then stained with 3,30 -
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diaminobenzidine (DAB) (SK-4100, Vector Labs) to detect red blood cells and 
H&E to view tissue structure. Slides were imaged and examined using an 
upright microscope (BX41 with DP70 camera, Olympus). 
 
7.3 Results 
 We used 2PEF to map the surface vasculature to aid in determining the 
most appropriate location for the box cuts. We then used femtosecond laser 
ablation to produce sub-surface cuts in the brain to determine if such cuts 
could stop seizure propagation. Multiple fully enclosed box cuts were 
produced through layer IV up and to layer II of the cortex. To test the 
effectiveness of the cuts, two electrodes were implanted into the brain; one 
was placed in the box and the other outside the box (distant electrode). A 
seizure-inducing drug, 4-aminopyridine (4-AP), was injected below the brain 
surface and in the confines of the cuts. We recorded electrophysiology from 
both electrodes to determine if seizures initiating inside the box propagated to 
the distant electrode.  
 
7.3.1 Single line cuts alter seizure dynamics 
 We initially performed experiments in which electrophysiology was 
recorded and line cuts were produced under the microscope (Figure 7.4). 
However, space constraints presented challenges in logistics and cut 
geometry, so in the initial experiments, we were limited to making line cuts. In 
this experiment we inserted two electrodes into the brain; one electrode 
injected 4-AP and recorded LFP, and the distant electrode (relative to the 
seizure focus) recorded LFP (Figure 7.4A). 4-AP was then was injected and we 
recorded baseline seizure activity. We then produced a wall of cuts that went 
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Figure 7.4 Sub-surface cuts alter seizure propagation A) Two-photon image 
projection of fluorescently labeled vasculature. Dark shadows outlined in blue 
represent the location of the electrode implantation. The yellow line indicates 
the locations of the cuts that spanned the depths of 1200 to 200 µm, with 50 µm 
spacing in between each cut, essentially forming a wall between the two 
electrodes B) LFP recordings at the injection site and across the cut. At 
baseline, the seizures initiated at the same time. However, after the cuts were 
made, seizure initiation was delayed at the distant electrode. 
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from 1200 µm below the brain surface to 200 µm below the brain surface, with 
each cut separated by 50 µm. Seizures were able to propagate across the cuts, 
but the onset at the distant electrode was delayed compared to baseline 
measurements (Figure 7.2B). 
 
7.3.2 Box cuts halt seizure propagation  
 To determine the effectiveness of the cuts, electrophysiology was recorded 
from both inside and outside of the cut box. In sham experiments, seizures 
were detected at the distant electrode almost instantaneously after seizures 
initiated at the injection site (Figure 7.5A). However in animals with box cuts, 
seizures did not propagate to the distant electrode (Figure 7.5B). Overall, 100% 
of seizures in sham experiments propagated to the distant electrode. In 
contrast, seizures did not propagate when a cut box was present (Figure 7.6). 
The quantification of LFP power inside and outside the box, for the same time 
period, was used as a metric to distinguish and verify that seizure activity did 
not propagate outside the box. The power inside the box (0.41 mV2-sec ± 0.17; 
mean ± standard deviation) was significantly greater (p<0.0001) than the 
power recorded at the distant electrode (0.17 mV2-sec ± 0.05) (Figure 7.7). 
 
7.3.3 Histological verification of box cuts 
 Brain slices were histologically stained to verify the cuts were being 
produced below the brain surface. Transverse sections show that box cuts 
were indeed produced, while coronal sections show the edges of the box cuts 
(Figure 7.8). In the coronal view, the cell density surrounding cuts is high 
relative to the tissue far from the cuts, indicating that tissue is being 
compressed surrounding the laser incisions.  
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Figure 7.5 Box cuts halt seizure propagation. A) Baseline LFP of seizure 
propagation. Note that when seizures initiate at the focus they propagate to 
the distant electrode almost simultaneously. B) LFP recordings after 
producing the box cuts. Seizures that initiate at the focus do not propagate 
outside the box.  
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Figure 7.6 Zero percent of seizures propagate after box cuts. Bar plot of the 
percentage of seizure that propagate for the sham and cut conditions. Error 
bars were calculated using binomial response statistics and significance was 
calculated with a binomial comparisons test. 
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Figure 7.7 Power analysis of LFP. Power boxplot of seizure LFP inside the box 
and outside the box, for the same time interval. Red and black lines within the 
boxes represent the mean and median, respectively. Circle represent 
individual data points. Significance was determined by performing a paired t-
test.  
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Figure 7.8 Histological verification of box cuts. A) Transverse and B) coronal 
sections of brain slices stained with H&E and DAB.  
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7.4 Discussion 
 In this study, laser-based techniques were used to produce sub-surface 
incisions in cortical tissue, thereby severing neural connections and in effect, 
disrupting seizure propagation pathways. Initial experiments indicated that 
sub-surface laser based incisions could alter seizure propagation, but did not 
completely stop seizures from propagating across the cuts (Figure 7.4). We 
then produced sub-surface box cuts and implanted electrodes within the box 
and outside the box to induce seizures and record electrophysiology (Figure 
7.2). We found that seizures still initiated inside the box, but did not propagate 
beyond the cuts to the distant (Figure 7.5). Histological stains verified the 
presence of the incisions (Figure 7.8). Further quantitative analyses verify that 
seizure activity did not propagate to the distant electrode (Figure 7.6 and 7.7). 
These results reveal the potential application of laser-based therapy for 
treating focally initiated cortical epilepsy.  
 
Femtosecond laser ablation enables precise and controlled sub-surface 
cutting of cortical tissue. In this study, we use femtosecond laser ablation to 
produce subsurface cuts that can acutely halt seizure propagation. These 
incisions are significantly smaller than cuts produced with subpial hooks used 
during the MST procedure, which led to tissue damage of ~2-3 mm on both 
sides of the transection [10]. Previous studies have shown that cut widths 
produced using femtosecond laser ablation can be produced on the order of 
tens of micrometers, with little collateral damage surrounding the cut [19]. In 
this study, histological images from these experiments show widening of the 
cuts as it nears the surface, which is most likely attributed to the calibration 
between the waveplate and z-stage, and the high laser energies that were 
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being used. In these experiments we used energies that are approximately 
four times the energy for optical breakdown of brain tissue. This was done to 
make certain that cuts overlapped and to compensate for laser attenuation. 
First, overlapping cuts ensure that there was no intact tissue between cuts, as 
this may potentially provide a route for seizure propagation. This could have 
been achieved in two ways: smaller increments between cuts or increasing the 
laser energy to make bigger cuts. In these experiments cutting a 750 µm x 750 
µm box, separated by 10 µm, at a translation speed of 50 µm/s would take 
approximately 65 min. Stepping in smaller increments increases the time the 
rodent is under the microscope and potentially affects the animal’s 
physiology. The second reason for using a high energy is to compensate for 
energy attenuation due to surface vessels. For example, if a large vein were to 
obscure the path of the focused light, the laser energy will be attenuated due 
to absorption and light scattering by red blood cells [22]. In order to 
compensate for this potential loss, cuts are performed with high laser energies. 
However, the use of such high energies possesses drawbacks. The deposition 
of high-energy laser pulses not only ionizes the material inside the focal 
volume, but also leads to the formation of a cavitation bubble that can produce 
mechanical disruption of tissue the beyond focal region [18]. Long-term 
studies are needed to investigate the morphological and tissue pathologies 
that result from these laser-based cuts. 
 Recording of electrophysiology and producing the laser incisions under 
the microscope would be ideal. However, with the implantation of the 
seizure-inducing electrode, it would not have been possible to produce fully 
enclosed boxes, as the electrode would obstruct the cutting path. Therefore we 
produced fully enclosed box cuts and performed electrophysiology out from 
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under the microscope where the logistics of implanting both electrodes were 
not as difficult.  
 
Potential chronic effects. While we show that femtosecond laser-based cuts 
can acutely stop seizure propagation, chronic studies of these incisions will 
ultimately determine the overall efficacy of the sub-surface incisions. These 
laser-based cuts lead to disruption of the blood brain barrier and parenchymal 
hemorrhage, which have been associated with the acute development of 
seizures. [23],[24]. However, the late development of seizures after brain 
injury has also been observed clinically and is associated with the remodeling 
of neural connections that make the tissue more susceptible to seizure [23,25]. 
Inflammatory response due to injury can lead to the formation of glial scar, 
and in effect, prevent the formation of new networks [26]. In histological 
analysis of tissue that underwent the MST procedure, patients that formed 
glial scars were seizure free or had greater than 95% reduction in seizure 
frequency [10]. Long-term studies of the effects of these laser-based cuts need 
to be further investigated.  
 
Clinical implementation. This technique provides a much more controlled 
and precise method for severing neural connections when compared to the 
mechanical-based method in MST. One of the main advantages of this laser-
based method is that tissue below the brain surface can be targeted [19]. For 
example, if the epileptic focus was located deep within the cortex, our ablation 
technique can target that specfic location without affecting the overlying 
tissue. With MST, however, incisions must start at the brain surface to reach 
targeted tissue below the brain surface, and cause unwanted collateral 
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damage. The ability to target sub-surface tissues provides a distinct advantage 
over mechanical techniques, but inherent to most optical techniques is the 
limit on the penetration depth. Because brain tissue scatters light, the amount 
of energy deposited at the focus exponentially decreases with increasing 
depths [27]. At 800 nm, the theoretical cutting limit is approximately 2-mm. 
Longer wavelength light sources have longer scattering lengths which leads to 
less scattering. Using a light 1300 nm light source can theoretically allow cuts 
up to 4.8 mm [19]. Clinical implementation will not only require technical 
development of stable lasers, but also much more thorough investigations of 
the long-term effects of laser-based cuts. Nonetheless, these data provide a 
bright outlook on the potential application of laser-based techniques in the 
neurosurgical field.  
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Chapter 8 
Glass welding 
 This chapter diverges from the biological theme of the previous chapters. 
In this section we use femtosecond laser pulses to fuse two microscope 
coverslips by forming a weld at the unexposed interface. We noted optical 
induced by the weld and characterized weld diameters as a function of 
different laser and experimental parameters. Tensile tests were conducted on 
the samples to determine its fracture stress and we demonstrated the 
fabrication and sealing of a microfluidic device with our welding technique. 
This work was in collaboration with Alan Arai, from IMRA America Inc. 
 
8.1 Femtosecond laser pulses as a point source of heat 
 Tightly focusing femtosecond laser pulses into the bulk of a transparent 
material can lead to nonlinear deposition of energy within the focal volume 
without significant material modification above or below [1-4]. At high 
repetition rates on the order of MHz, consecutive pulses can be deposited 
within the focal volume faster than the time for the energy from the preceding 
pulse to diffuse out of the focal region, leading to the accumulation of thermal 
energy [5]. Therefore, nonlinear absorption of high-repetition rate 
femtosecond laser pulses can function as a point source of heat located within 
the bulk of transparent materials. If a sufficient number of pulses are 
deposited, the buildup of heat can lead to melted regions much greater than 
the focal volume. After laser irradiation, the melted glass rapidly cools and 
resolidifies, leading to changes in its density and refractive index [6]. By 
translating the focus through the sample, variations in the refractive index 
have been used as optical waveguides [7]. However, in this study, we utilize 
 188 
the point source of heat to produce welds at the unexposed interface between 
two pieces of glass [8]. 
 Laser-based techniques to weld glass have been widely used, but are often 
limited to areas with exposed edges or interfaces. Some welds can be formed 
internally, but this requires the use of another material, such as a light-
absorbing thermoplastic. However, in some applications, such as 
microfluidics, it would be advantageous to internally fuse together two pieces 
of glass. Pulse durations on the order of picoseconds have been used for glass 
micromachining, but it has been shown that femtosecond laser pulses lead to 
better confinement of the energy deposition, and therefore more precise 
micromachining [9,10]. In one of the first femtosecond laser-based welding 
studies, Tamaki et al. used a 1-kHz pulse train to fuse two pieces of silica at the 
unexposed interface [11]. However, at this repetition rate, heat is not able to 
accumulate within the focal volume and therefore not able to melt glass 
beyond the focal region. Additionally, because of the low repetition rate, these 
experiments were limited to translation speeds of 5 µm/s. In subsequent 
work, high repetition rates of laser pulse trains have been used to produce 
welds between two pieces of glass. One of the key questions that ultimately 
arise from these studies is how well these welds are able to withstand loads. 
Previous studies have subjected welds to a number of tests [12-14] and find 
that the functional strength of the weld largely depends on the type of fracture 
test. 
 In this current study, we investigate welds generated at the unexposed 
interface between two pieces of borosilicate glass using a high repetition, 
femtosecond laser pulse train. Optical images confirm that we were able to 
produce welds internally located between the glass samples. For a wide 
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variety of laser parameters, we find that the weld is significantly larger than 
the focal volume. As expected, weld diameters increased with increasing laser 
energies and decreasing translation speeds, which is in agreement with a 
thermal accumulation mechanism. Lastly, we conducted tensile tests to 
determine the fracture strength of the welds and interestingly observe that 
samples produced using smaller energies were stronger than those generated 
with larger energies. 
 
8.2 Experimental methods 
Producing femtosecond laser-based welds. We use 170-μm thick coverslips 
approximately 24 by 50 mm in size made from Corning 0211, a zinc-doped 
borosilicate glass. The glass samples are cleaned with methanol and lens 
paper. Two pieces are then placed on top of each other and pressed togehter 
until Newton rings disappear, indicating a minimal gap between the two 
pieces of glass. The adhered glass samples are then placed on a three-axis 
translation stage and a train of 350-fs duration, 1045-nm wavelength laser 
pulses (FCPA µJewel D-400, IMRA America, Inc.) was focused at the interface 
between the two pieces of glass using a 0.55 NA aspheric microscope objective 
(5722BH, New Focus, Inc.) (Figure 8.1A). The sample was leveled on the 
translation stage so the laser focus remained at the glass interface when the 
sample was translated. The samples were then translated across the focus, 
forming a weld at the glass interface (Figure 8.2B). The repetition rate of the 
laser was varied from 0.1 to 5 MHz, the energy was varied from 60 nJ to 2 μJ, 
and the translation speed varied from 100 μm/s to 100 mm/s. Samples used 
for imaging had multiple welds, while samples used for fracture testing had 
individual welds with lengths that were either 5, 10, or 15 mm. 
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Figure 8.1 Schematic of femtosecond laser welding of glass. A) Nonlinear 
absorption of tightly-focused femtosecond laser pulses deposits energy in the 
focal volume, located at the interface between two pieces of glass. Because of 
the high repetition rate, energy is deposited at a rated faster that it can diffuse 
out of the focal volume. To form a cylindrical weld, the sample is translated 
perpendicular to the propagation direction of the laser beam so that the laser 
focus stays at the interface between the two materials. B) Glass on either side 
of the interface melts, leading to fusion of the two materials when they cool. 
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Weld strength. Tensile tests were conducted on each sample to determine its 
failure stress. Custom aluminum adapters were designed to mount the sample 
to an existing tensile apparatus (EnduraTEC ELectroForce 3200, BOSE Corp.). 
The top and bottom exterior faces of the sample were glued to the adapters 
and allowed to set. The setup was then submerged under water to mitigate the 
effects of stiction between the two coverslips to test only the weld. The 
mounted sample was then placed in the tensile machine, ensuring the applied 
tension lined up axially with the weld. Tensile tests were displacement 
controlled, straining at a rate of 1 μm/s. A fixed force transducer detected the 
load applied on the sample (Figure. 8.6). 
 
8.3 Results 
 In this investigation, we used high-repetition rate, femtosecond laser 
pulses to form welds at the unexposed interface between two coverslips. 
Optical images showed changes in the index of refraction at the weld and the 
regions surrounding it. We then characterized the weld diameter as a function 
of laser energy, translation speed, and repetition rate of the femtosecond laser 
pulse train. Tensile tests were conducted to determine the fracture stress of the 
welds. We then discuss the utility of femtosecond laser welding by 
showcasing a microfluidic device constructed using femtosecond laser 
ablation and welding. 
 
8.3.1 Induced optical changes in glass 
 Optical imaging reveals small refractive index changes in the weld regions 
(Figure 8.2A), resembling the appearance of optical waveguides written into 
this glass with high repetition rate trains of femtosecond laser pulses [3]. 
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Figure 8.2 Top-view images of femtosecond laser welds. A) White-light 
transmission and B) polarization microscope images of a series of welds 
formed between two 170-μm thick pieces of Corning 0211 glass using a 1-MHz 
train of 550-nJ, 350-fs, 1045-nm laser pulses focused with a 0.55 NA lens while 
the sample was translated at 10 mm/s perpendicular to the incident direction 
of the laser beam. The direction of propagation of the laser pulse train and the 
translation direction are indicated. Note the high contrast in polarization 
image, likely due to strong birefringence in the weld. 
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Polarization microscopy shows that the welds are highly birefringent (Figure 
8.2B) perhaps indicating trapped stresses. 
 Samples with a series of welds were scribed with a diamond scribe and 
fractured. In regions near where the welds were present, the fracture plane 
tended to go through both pieces of glass at the same location, while there is 
likely to be a “ledge” in regions far from the welds. It is likely that the welds 
tended to provide a path for the fracture to propagate from one piece of glass 
to the other, leading to fracture in the same plane. The fractured glass samples 
were imaged with optical transmission, optical reflection, and scanning 
electron microscopy (SEM) (Figure 8.3). Transmission images revealed 
refractive index changes in the weld region that resemble those associated 
with the formation of optical waveguides (Figs. 8.3A and 8.3B). Under optical 
reflection (Figure 8.3C) and SEM (Figure 8.3D) imaging, the interface between 
the two pieces of glass is gone in the weld region, but clearly visible outside 
the weld region, indicating fusion of the two pieces of glass in the weld region. 
We measured the transmission of 350 fs, 1045 nm wavelength laser pulses 
focused into Corning 0211 glass with a 0.49 NA aspheric objective at 100 kHz 
and 1 MHz, as a function of laser energy. The damage threshold for both 
repetition rates was seen to occur between energies of 50 to 90 nJ (Figure 8.4). 
 
8.3.2 Parameters influencing weld diameter 
 Welds were produced using 350 fs, 1045 nm wavelength laser pulses 
focused with a 0.55 NA aspheric objective with repetition rates ranging from 
0.1 to 5 MHz. Samples were translated at speeds of 0.2, 1, 5, 25, and 125 mm/s 
with energies varying between 64 nJ to 2.1 µJ. There was an overall trend 
showing increased weld diameter with increasing repetition rates. Expectedly, 
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Figure 8.3
 195 
Figure 8.3 Side-view images of a femtosecond laser weld. A) and B) White 
light transmission images of a weld formed between two 170-μm thick pieces 
of Corning 0211 glass using a 1-MHz train of 550-nJ, 350-fs, 1045-nm laser 
pulses focused with a 0.55 NA lens while the sample was translated at 10 
mm/s perpendicular to the incident direction of the laser beam. After forming 
several welds, the sample was scribed with a diamond and fractured 
perpendicular to the weld lines enabling edge-on imaging of the weld. 
Refractive index differences in the weld region are evident from the 
transmission images. C) Optical reflection image of the same weld in A and B. 
D) SEM imaging of the same weld in A–C. The sample was coated with 80 nm 
of gold before being placed in the SEM. The images in C and D show the 
interface between the pieces of glass is eliminated in the weld region. The 
direction and propagation of the laser pulse train and translation direction are 
indicated. 
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Figure 8.4 Transmission of laser energy. Transmission of 350 fs, 1045 nm 
wavelength laser pulses focused with a 0.49 NA aspheric objective into 
Corning 0211 glass as a function of laser energy, for two different repetition 
rates. 
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weld diameter also grew with increasing laser energy, within each repetition 
rate. The largest welds were produced with a pulse energy of ~250 nJ, at a 
repetition rate of 2.5 MHz, and translated at the slowest speed (Figure 8.5). 
 
8.3.3 Fracture strength of welds 
 Fracture strengths of the welds were determined by conducting tensile 
tests on the welded sample (Figure 8.6). A typical load profile as a function of 
time is shown in Figure 8.7A. Note that the peak of the profile is the point of 
failure. The failure stress of each sample was calculated by dividing the peak 
force, calculated from the load, by the cross-sectional area of the weld that was 
perpendicular to the load direction. Samples generated with the largest 
energies were observed to be the weakest, with an average failure stress of 2.5 
MPa ± 1.6 MPa (mean ± standard deviation), whereas samples with the 
smallest welds were seen to be the strongest, with an average failure stress of 
7.2 MPa ± 5.9 MPa. Welds produced with an energy of 550 nJ had an average 
failure stress of 3.6 MPa ± 2.4 MPa. While there is not a significant difference 
between the samples, there is a weak trend indicating that higher energies 
produce weaker welds (p < 0.11, Cuzick’s trend test). 
 
8.3.4 SEM images of fractured welds 
 SEM images revealed varying fracture behavior for welds produced at 
different energies. Welds produced at lower laser energies (280 and 550 nJ) 
tended to fractured within the welds, whereas welds produced higher laser 
energies (853 nJ) appeared to fracture at the interface between the weld and 
native glass (Figure 8.8). 
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Figure 8.5 Weld diameter dependence on machining parameters. Plot of 
weld diameter as a function of laser energy and translation speed, for various 
repetition rates. In all cases, 350 fs, 1045 nm, wavelength laser pulse train was 
focused with a 0.55 NA lens. 
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Figure 8.6 Experimental setup for tensile tests. Samples are glued in between 
a custom designed mounting plates that allow for tensile testing. The 
apparatus is then fixed to mounting adapters using dowels, with one end 
attached to a load cell while the other end applies the load. All mounting 
apparatuses and dowels are made from aluminum.  
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Figure 8.7 Loading profile and weld failure stress. A) Plot of applied load 
versus time for a weld formed at energy 550 nJ in Corning 0211 glass. Peak 
values of the load profile were taken as the fracture load. B) Boxplot of 
fracture stress as a function of weld energy. Stress values were calculated by 
taking the peak fracture load divided by the top-view cross-sectional area. We 
note a trend that shows welds produced at higher energies fracture at lower 
stress (p < 0.07). Circles represent individual data points and crosshairs 
indicate statistical outliers. Solid and dashed lines represent the median and 
mean, respectively. 
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Figure 8.8 SEM images of fractured welds. generated using a 1-MHz train of 
1045 nm, 350 fs laser pulse with energies of (A and B) 280 nJ, (C and D) 550 nJ, 
and (E and F) 853 nJ. In all cases, the laser was focused using a 0.55 NA lens 
and samples were translated at 10 mm/s. 
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8.4 Discussion 
 We examined optical and mechanical properties of welds produced at the 
unexposed interface between two coverslips, using a high-repetition, 
femtosecond laser pulse train. Optical microscopy of the samples shows the 
welds induced refractive index changes in the glass and SEM images reveals a 
fused region in between the two pieces of glass (Figure 8.2 and 8.3). We 
characterized weld diameter as a function of translation speed, laser energy 
and repetition rates (Figure 8.5). Furthermore, we conducted tensile tests to 
determine its fracture strength (Figure 8.7), with SEM images indicating 
different failure modes (Figure 8.8).  
 Microfluidic devices have emerged as a powerful tool in fields that spans 
an incredibly wide spectrum of fields [15]. Much of this can be attributed to 
the development of fabrication techniques, such as soft lithography [16]. In 
this technique, relief patterns are produced on the surface of elastomers, such 
as poly(dimethyl) siloxane (PDMS), using a master mold. While this technique 
is efficient and relatively low-cost, there are some inherent limitations. For 
instance, if the aspect ratio, the ratio between the height and the width, of the 
feature is too high or too low, it can cause the PDMS to deform and lead to 
defects in the microstructures. PDMS relief features are limited to aspect ratios 
between 0.2 and 2. Femtosecond laser ablation provides a unique, high-
precision micromachining tool that allows for the removal of material on the 
surface or in bulk, enabling extremely high aspect ratios in PDMS as high as 
800:1 [17]. Tightly focusing high-energy femtosecond laser pulses into 
transparent materials, such as glass, can drive nonlinear absorption of the 
laser energy at the focus, leading to ablation that is three-dimensionally 
confined to the focal volume and thus allowing for micromachining of 
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microfluidic channels [18,19]. One concern with this method is the removal of 
debris during the micromachining process. To mitigate this issue, liquid and 
ultrasound agitation has helped facilitate the sufficient removal of debris [20]. 
It is worth noting that this technique is inherently low throughput, and is 
impractical for producing large-scale microfluidic systems.  
 Here, we produce an all-glass microfluidic device, where channels were 
produced using femtosecond laser ablation, and sealed with a welded 
coverslip (Figure 8.9). Channels were formed into a glass microscope slide 
(Corning 2947) with a 50-kHz train of 10-µJ, 450-fs, 1045-nm laser pulses, 
focused with a 25-mm singlet lens. The translation speed of the sample 
through the focus was 80 mm/s, with 5-um raster overlap. After the channels 
were formed, the slide was placed in an ultrasonic bath and cleaned with 
acetone. Previous groups have used a glass coverslip to seal PDMS devices 
[17], or vice versa [21]. To seal our device we welded a coverslip (Corning 
0211) to the top of the microscope slide, using the same laser parameters cited 
earlier in this study. Two source basins were also formed into the glass slide 
(not shown), but were not covered. Two drops of food coloring, blue and 
yellow, were simultaneously dropped into the basins, where capillary action 
pulled the liquids through the channel, where they subsequently mixed 
downstream of the T-junction (Figure 8.9). This microfluidic example 
showcases the utility of femtosecond lasers in not only micromachining 
channels, but also sealing devices with glass welds. 
 We characterize the strength of our welds by performing tensile tests on 
the fused samples. We interestingly observe that welds produced with higher 
energies, fracture at lower stresses. To possibly explain this, a recent study 
investigated the strain distribution in regions surrounding the molten volume.
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Figure 8.9 Fabrication of microfluidic femtosecond laser pulses. A) 
Schematic of femtosecond laser ablation and welding procedure to produce a 
microfluidic device. A femtosecond laser is tightly focused on the surface of 
the glass to ablate a channel using a 10-μJ, 450 fs, pulse train at 50 kHz, 
focused using a 25 mm singlet lens, with the sample translated at 80 mm/s. A 
glass cap is then welded on top of the channel to seal the device using a 550-
nJ, 360 fs pulse train at 1 MHz, focused using a 0.55 NA aspheric lens, with the 
sample translated at 10 mm/s. B) Polarize light microscopy of the microfluidic 
device. Note the T-shaped channel and the welds on the side of the channel 
used to seal the device. (c) While-light transmission image of mixing between 
yellow and blue dye. Arrows indicate direction of flow in the channel. 
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The authors noted that as energy is being deposited, the pressure wave 
emanating from the focus [22], compresses the molten glass, causing the 
viscosity of the outer regions to decrease. This decrease in viscosity leads to 
viscoelastic deformation of the glass, which is strongly dependent on the 
relative viscosities due to the temperature distribution from the photoexcited 
region, and claim that the heat-induced modification should be produced at 
the outermost boundary. After irradiation ceases, the molten glass rapidly 
cools and therefore, traps strain in these deformed regions [23]. This would 
imply that welds produced with higher laser energies would have higher 
trapped strain in the outermost regions, and therefore more susceptible to 
failure, which we observed in our study. Richter et al. performed failures tests 
on fused samples that contained continuous or spot-welds. Samples with 
continuous lines failed at lower stresses when compared to samples with spot-
welds when molten areas were equal [13]. This is most likely attributed to 
larger amounts of trapped stress along the length of the continuous welds. To 
mitigate the effects of trapped stress, the samples can undergo stress and 
volume relaxation through the annealing process [24]. Watanabe et al., 
observed over a factor of two increase in weld strength, as well as increased 
light transmittance through the weld, after annealing welded samples [25].  
 There have been several studies that have characterized the strength of 
glass welds. In our study, our samples undergo tensile test, which is a good 
measure of how well the fused coverslips are joined together. Tamaki et al. 
performed similar tests and found similar stress fracture values [12]. Shear 
testing of welded samples is more likely to characterize mechanical properties 
of the actual weld, as the native glass is pushing against weld [14], as opposed 
to pulling away in a tensile test [12]. Table 8.1 summarizes studies that have 
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investigated weld strength using different fracture tests and highlights the 
idea that characterization of weld strength should be conducted depending on 
the application. For instance, if a welded sample was to be exposed to flexural 
strain, a 3-pt bending test is most appropriate for characterizing its failure 
stress [13]. Or if a microfluidic device were to be sealed with a welded 
coverslip, a tensile test on the sample would be most appropriate to determine 
how much internal pressure the device can withstand. Together, these studies 
showcase the versatility of the femtosecond welding. If the ultimate goal is to 
produce the strongest weld, further fracture tests that anneal the welded 
samples should produce more positive results.  
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Table 8.1 Weld failure stresses for different glasses and fracture tests 
Values in Experiment parameters represent (from top down): laser 
repetition rate, laser wavelength, pulse duration, pulse energy, 
numerical aperture of the focusing lens, and the translation speed used 
to form the weld. 
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Chapter 9 
Grade K-12 module: Fluorescence and collateral transport 
 One of the activities I enjoyed most during my Ph.D. was working with 
Jackie and her students from Eagle Hill Middle School, a suburb of Syracuse, 
NY. For some reason, they always seemed to notice when I would wear new 
clothes, glasses, or shoes. But I digress…Jackie was awesome, the students 
were wonderful, and I had a blast helping them with their labs and 
introducing them to aspects of my research. This chapter presents an activity 
that Jackie, Chris, and I developed, that is part of a larger curriculum. The 
specific goal of this activity was to introduce fluorescence and collateral 
transport to the students. To bring cohesiveness between the two subjects, we 
had the students use a maple leaf to study what happens to transport when 
collateral pathways are and are not present after an injury. We then translated 
this idea over to the human cerebral vasculature and discussed some our 
research that was being conducted in our lab. The writing style in this chapter 
diverges from the rest of the chapters as it is meant to help motivate and guide 
middle school teachers to replicate this activity in their classroom. 
 
9.1 Introduction 
 Most middle and high school students understand that blood flow to the 
brain is crucial for normal function as it supplies nutrients and removes 
wastes from the tissue. A disruption to this system, such as a stroke (i.e. when 
a vessel becomes blocked or ruptures), can lead to severe brain disorders. 
However, it turns out that certain parts of the brain vasculature are designed 
to help cope with small vessel injuries (small strokes) in order to help maintain 
normal blood flow. Small strokes differ from large strokes in that when they 
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occur, the person exhibits no immediate neurological deficits. In other words, 
the person is asymptomatic. In contrast, when a large stroke occurs, the 
person will usually show clinical symptoms, such as motor deficiencies, 
paralysis, and headache. While most people are familiar with the effects of 
large strokes, small strokes are actually fives times more prevalent [1] 
 Surface arterial vessels, responsible for delivering blood to the brain, form 
a net-like system, or redundant loops on the brain surface (Figure 1A). If a 
vessel becomes blocked (ischemic stroke), this loopy architecture helps 
maintain blood flow (Figure 1B), and therefore, minimizes the pathological 
effects following a vascular injury [2]. Like the human vasculature, leaves 
possess a network of veins that allows for transportation of nutrients and 
removal of waste products. While there may be multiple large veins stemming 
across a leaf, closer examination reveal that, in most leaves, a network of much 
smaller veins exists that form loops and connections between the large veins. 
Similar to the human system, these collateral loops help maintain nutrient 
transport should the leaf sustain an injury produced by, for instance, a leaf-
eating insect.  
 We present an inquiry-based activity that was recently taught to a seventh-
grade class. In this activity, students will use optical techniques to investigate 
transport in a leaf during “healthy” conditions and after it suffers an injury or 
a small “stroke.” To initiate this activity, students will first learn about 
fluorescence, a powerful technique widely used in the scientific field. If a 
fluorophore absorbs a photon at the appropriate wavelength, the molecule can 
be excited from its ground state to a high-energy state. At this unstable state, 
the molecule will relax to its ground state by losing energy in the form of an 
emitted photon at a wavelength longer than the excitation light. Therefore, we 
 214 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1
 215 
Figure 9.1 Loops in surface arterial network provide collateral flow. A) 
Fluorescence image of the brain vasculature in a live, anesthetized rat. Surface 
arterioles (outlined in red) form a net-like system on the brain surface. B) Case 
study highlighting the importance of vascular loops following a vessel 
occlusion. For baseline and post-clot examples, the left panels are magnified 
fluorescence images of the surface vasculature, with an arterial network 
outlined. Right panels show the network schematics with blood flow speeds in 
the vessels of interest, with arrows indicating direction of blood flow. Note 
that after optochemically inducing a clot (red X under post-clot), blood flow 
does not stop, but is maintained through the reversal of flow in two vessels 
(red arrows and values). These redundant loops help support collateral flow 
and minimize the pathological effects associated with a blocked vessel [2]. 
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can briefly describe fluorescence as the emission of light from a substance that 
has absorbed light of a different color (Nikon, Olympus, and Zeiss are 
microscope vendors that provide excellent fluorescence tutorials on their 
websites). Using this technique, students will use the leaf’s veins as a model of 
the arterial network on the brain surface. By visualizing its “vasculature” they 
will observe how collateral loops help maintain transport after an injury. By 
conducting these experiments, students will strengthen their understanding of 
scientific inquiry, including further development of their ability to generate 
and test hypotheses., because the students are exposed to a widely used 
imaging technique, the lessons provide a perfect segue into research that is 
currently being conducted in the scientific field. 
 
9.2 Teacher preparation 
 Most chemicals for this activity will need to be purchased prior to the 
activity. A list of materials and vendors, as well as concentrations for all 
solutions can be found in Table 1. We recommend making large volumes 
(~50ml) of Fluorescein and Rhodamine B, from which teachers can place ~1 ml 
aliquots into microcentrifuge tubes. For Nile Red, teachers should add a 
droplet of the stock solution (Nile Red in acetone) to the ~1 ml aliquots of 
vegetable oil. The solutions should last for a very long time as long as they are 
stored in a dark place. Many of the solutions require a small amount of solute. 
If teachers do not have the appropriate measuring equipment, solution 
volumes can be scaled up. Because Nile Red is a bit more complicated to 
prepare, Fluorescein and Rhodamine B will be adequate for both lessons. A 
reference for the activities can be found at: climb.bme.cornell.edu/invisible.php. 
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Table 9.1 List of materials 
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9.3 Lessons 
 We split this activity into two separate lessons, with students working in 
groups of three or four. In the first experiment, fluorescence was introduced to 
the students (~30 minutes). In the second experiment, they apply fluorescence 
techniques to help visualize the leaf’s transport network and understand the 
significance of collateral loops (~1 hour). 
 
9.3.1 Fluorescence 
 For the first part of this lesson, we recommend teachers briefly discuss the 
protocol for making the dyes. Each group should receive a set of 
microcentrifuge tubes containing each dye, including a tube containing water 
to serve as a control, and set of LEDs. Each LED should be place far enough 
apart such that the excitation paths do not overlap. When students are ready, 
tubes should be placed a couple of inches away from the light source (Figure 
2). When we implemented this activity, the students were simply handed the 
fluorescent dyes and the LED lights, with no instructions. They naturally 
turned on the all LEDs and moved the samples in front of them to see what 
would happen. “Cool” was the most commonly used word to describe their 
observations. After several minutes, the students realized that certain dyes 
“turned” to different color when placed in front of specific LEDs. At this point 
we had the students stop what they were doing in order to discuss their 
observations and give a short (~5 min) lecture on fluorescence. After this, we 
asked the students to make a chart (Table 2) and record the emission color if 
the dye was fluorescent. 
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Figure 9.2 Setup for fluorescence experiment. When testing different 
combinations of dyes and illumination light, students should place the tubes a 
couple inches away from the LED. In this example, Rhodamine B fluoresces 
yellow when illuminated with green light. 
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Table 9.2 Color of emitted light for each LED color 
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9.3.2 Collateral transport in a leaf 
 Since the students are using leaves to model the cerebral vasculature, we 
suggest some discussion about the role of blood flow to the brain, which 
makes this activity a perfect supplement to a module on the cardiovascular 
system. We also discussed pathologic consequences of strokes, which segued 
into some of the biomedical research that our lab is conducting. While this is 
not necessary, it is crucial that the idea of redundant networks be introduced. 
Schaffer et al. is a open access article that will serve as a great resource for this 
activity [2].   
 To start this activity, teachers will need to obtain quite a number of maples 
leaves, depending on the number of groups. Each group will need at least 
three leaves, one for each condition (control, normal, and injury), with each 
stem cut at the halfway point between the base of the leaf and the end of the 
stem. To “injure” the leaf, use a hole punch to take out a small portion of the 
leaf. We suggest doing this towards the base of the leaf, over one of the major 
veins (see injury in Figure 4). Place the stems for both normal and injured 
leaves into the Rhodamine B solution overnight, prior to the day of the 
experiment.  
 When everything is ready, darken the room as much as possible and have 
the students arrange the optical setup shown in Figure 3A. The circular green 
filter should be placed above the green LED. This helps block any remnants of 
yellow light coming from the green light, so as to not confuse this yellow light 
from the yellow fluorescent light emitted by Rhodamine B. When imaging the 
leaf, students should look through the filter (red glass). First, the students 
should investigate the control leaf that did not take up Rhodamine B. 
Unfortunately, nothing exciting will happen because there is no dye in the 
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veins. However, the point of this leaf is to emphasize the concept of control 
experiments during scientific investigations. After testing the control leaf, they 
should switch to the normal leaf and repeat the imaging process. The students 
should record observations and even make drawings of what they see. After 
this, we suggest the teacher ask the students what happens to the transport of 
nutrients when the leaf gets injured. We had the students draw out their 
hypothesis. The two most popular hypotheses were: (1) transport of the dye 
would stop at the injury or (2) transport of the dye would travel around the 
injury. The student then proceeded to image the injured leaves. Again, the 
students should record their observations and answer questions about the role 
of redundancies in transport networks.  
 We would like to make a note of some minor issues we experienced. We 
placed the stems in the dye on the day of the experiments, and found that 
about half the leaves took up the dye. Therefore, we recommend submerging 
the stems for both normal and injured leaves overnight, and use more leaves 
than needed. 
 
9.4 Expected results and discussion 
 For lesson one the emission colors for each dye and illumination light is 
summarized in Table 2. In lesson two, the veins in the control leaf should not 
fluoresce since stems were not submerged in Rhodamine B (Figure 3B). As 
expected, normal leaves fluoresced, with large veins easily noticeable. 
Students will have to look closely to see the fluorescence from the smaller, 
collateral veins (Figure 3C). Because of these collateral loops, the dye should 
be able to diffuse around the injury and label the downstream veins. 
Therefore, students should see fluorescence past the injury. 
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Figure 9.3 Optical setup for leaf experiment. A) To make the leaf’s veins 
fluoresce, the green filter needs to be placed above the LED, with the leaf 
placed a few inches above filter. This will allow the light to illuminate a large 
portion of the leaf’s vein network. The last component needed is the yellow 
filter, which allows only the fluorescent yellow light to pass through. B) 
Illumination of a leaf, in which its stem was not placed in the Rhodamine B 
dye. Because of this, the veins did not fluoresce. C) Illumination of a leaf that 
took up Rhodamine B dye. Note two large fluorescent veins. While it may be 
difficult to see, there are smaller fluorescent veins, which form a connection 
between the two large veins.  
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 Collateral pathways play a significant role in maintaining normal transport 
after an injury. For transport networks that do no possess such architectures, 
downstream areas are greatly affected. For instance, the ginkgo leaf has many 
veins running across the leaf, but connections between them do not exist. 
Therefore, if a leaf-eating bug ate a small section, downstream areas past the 
injury will not receive nutrients and eventually die (teachers can use Figure 4 
as a discussion question to gauge the students’ understanding of the 
significance of collateral pathways). In rodent models of small stroke, the 
vascular topology, or the architectural makeup, plays a large role in how 
blood flow changes following a small stroke. Our lab has conducted a number 
of studies investigating the effects of small stroke [2,3,4], and serve as a great 
resource if the teacher wishes to expand on this activity 
 
9.5 Safety concerns 
 There are a several safety issues that should be addressed. The Hazardous 
Materials Identification System has given Flourescein and Rhodamine B a 
health hazard of two (out of four), which states, “Temporary or minor injury 
may occur.” The microcentrifuge tubes listed in Table 1 have a screw cap and 
as a further precaution, teachers can place a couple drops of superglue on the 
threads before screwing the cap on to minimize potential exposure. The 
flammability and reactivity hazard for both chemicals is zero. Nile Red has a 
zero hazard rating for health, flammability, and reactivity. Acetone has a 
health hazard, flammability, and reactivity rating of two, three, and zero 
respectively. Teachers should always wear gloves when working with these 
chemicals. 
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Figure 9.4 Extension activity using the gingko leaf. This is a simple cartoon 
of a ginko leaf and it main purpose is to provide contrast, in regards to the 
network architecture, to the maple leaf. Ginko leaves do not have collateral 
pathways that connect the large veins. One way to really test the students’ 
understanding the activity is ask them what happens if a bug feasts on a gingo 
leaf. Can nutrients be transported downstream of the injury like the maple 
leaf? 
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9.6 Extension activities 
 Fluorescence imaging is commonly used to visualize specific structures 
inside of cells. In order to do this, fluorescently-tagged antibodies with specific 
chemical affinities are incubated with cells, allowing them to bind to the 
structure of interest. The cells are then illuminated with the appropriate light 
exciting the fluorophores, providing the location or quantity of the structures 
of interest. This quick activity uses a 15 ml centrifuge tube (search “15 ml 
centrifuge tubes” on Amazon.com), as a cell, water as its cytoplasm, and oil 
droplets as its organelles. One milliliter of oil is added to each tube containing 
~5 ml of water. A droplet of the Nile Red stock solution is added, and the tube 
is then sealed. From the previous experiments, the students should recall two 
things: (1) what color light makes Nile Red fluoresce and (2) Nile Red 
dissolves only in lipid-based solvents. After rocking the tube back and forth, 
the students should illuminate the tube with the appropriate light and observe 
that only the oil beads fluoresce. While the tube is a crude model of the cell, 
the goal of this experiment is to highlight the powerfulness of fluorescence 
imaging, as it offers a colorful and bright window into biology. 
 
9.8 Conclusions 
 This activity was designed to be hands-on and extremely interactive, and 
as a result the students really enjoyed it. Not only were the lessons inquiry-
based, but in completing the activities, the students were able to learn about 
research techniques and used them to answer a biologically and clinically 
relevant question about network transport following an injury, such as a small 
stroke. The combination of lights, and dyes, injuring leaves, and cerebral 
vascular diseases should get students excited about the activity. 
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Chapter 10 
Conclusions and the future… 
 Nonlinear microscopies and femtosecond laser ablation are well suited for 
in vivo investigations of the brain, and its use in the scientific community is 
continuing to grow. The ability to look deep inside the brain and alter its 
normal state will provide many answers, but will also spawn many more 
questions. This thesis showcased the application of nonlinear optical 
techniques and answered several questions, but many still remain open. 
 The stroke investigation provided an in-depth analysis of vessel-by-vessel 
changes after a venule occlusion. The decrease in blood flow in the upstream 
capillaries was not unexpected, as previous studies have shown more regional 
changes associated with the microcirculation. Perhaps the more interesting 
result was how important the vascular topology is in determining the impact 
of blood flow following a vessel injury. The ratio between penetrating 
arterioles and ascending venules appeared to dictate the blood flow impact, 
but this would allude to the idea that the severity of a small stroke is simply 
dependent on the number of inlets and outlets. Further in vivo studies and 
computational models will hopefully develop a more complete story on the 
importance of the vascular architecture.  
 Characterizing the tissue pathology associated with venule strokes would 
have significantly strengthened the study. One method would be to utilize 
fluorescent probes that are two-photon excitable. For instance, David Boas and 
company has recently developed a two-photon excitable oxygenation probe. 
Thus changes in oxygenation in vessels surrounding the clot can be 
quantified. In vivo labeling of neural bodies that provide functional 
information can be used to study any detriments after the stroke. More 
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classical techniques such as immunohistology provide some technical issues, 
as the magic slices have proven difficult to find. However, it seems the lab is 
becoming more proficient with histological analyses, and it would only seem 
natural to study the long effect of small stroke not just in venules, but other 
vessels throughout the cortical vascular hierarchy. Chronic studies would 
contribute greatly to our understanding of the effects these venule strokes. For 
instance, one of the subtler, but interesting, results from the acute 
investigation was the presence of flow reversal. It would be interesting to 
study the pathological progression of endothelial dysfunction in vivo, as 
previous studies have demonstrated these cells are sensitive to changes in 
shear stress directionality, and magnitude. Furthermore, the development of 
transgenic mice will enable studies that investigate multiple responses 
(dendrites, microglia, αβ plaques) following not just venule occlusions, but 
other cerebral insults. 
 The ability to target sub-surface structures in the bulk of brain tissue 
provides a unique tool to conduct experiments with a backwards-engineering 
approach. For instance, the lab has discussed targeting and ablating individual 
pyramidal neurons in YFP mice, and monitor the changes in dendritic 
processes and nearby cells. Targeting other single cells such as smooth muscle 
cells or astrocytes will provided functional insights. This technique provides 
the unique ability to perform very high precision and localized targeted 
ablation. However, translating this capability enables transections in brain as 
well, essentially producing a laser scalpel. In our study in which we were able 
to acutely stop seizure propagation, we produced cuts between layer II and 
IV. Further experiments should investigate the efficacy stopping seizure 
propagation, or initiation, by producing cuts in specific layers, in addition to 
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testing different cut geometries. Other studies of interest would be to 
investigate seizure propagation dynamics by imaging the activity of 
fluorescently labeled neural bodies, and how these dynamics change 
following cuts produced with femtosecond laser pulses. In a similar strategy, 
this cutting technique can be applied to the study of neurovascular and 
metabolic during pre-ictal and ictal phases. One interesting result from the 
study was the observation of pre-ictal vasoconstriction in surface arterioles in 
regions surrounding the seizure focus, which also showed decreases in 
metabolic activity. Similar studies that investigate the same responses, but 
with cuts that separate the focus and surround, would shed light on the 
interplay between the two regions.  
 In a study that diverged from the biological field, we used femtosecond 
laser pulses to weld two microscope glass coverslips together. From the 
literature, it appears that one of the main goals is to produce stronger welds, 
or joint, strengths. An early study annealed welded glass samples to relieve 
much of the trapped strain surrounding the weld, and suggests that this 
technique should help in obtaining higher weld strengths. 
 Nonlinear optical techniques enable the extremely novel studies as it 
provides the ability to see deep within biological structures and deposit 
energy in bulk media. One primary advantage of using nonlinear imaging 
techniques for in vivo studies is the ability to monitor dynamic changes real 
time, over an extended period of time. This capability has revolutionized the 
biological field, and will continue to do so as new laser sources, transgenic 
mice, and fluorophores are developed.  
 
 
